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Abstract This article presents the recent extreme and rare G5-level geomagnetic storm (Mother's Day
Storm) effects on the equatorial and low-latitude ionosphere observed at the Peruvian sector by the Jicamarca
(11.9°S, 76.8°W, magnetic dip 1°N) incoherent scatter radar and associated instruments. This storm was
produced by multiple Earth-directed coronal mass ejections, which generated significant modifications in the
Earth's magnetic field, leading to the Sym-H of ~—518 nT. On the dayside, due to the strong eastward
penetration electric field, vertical plasma drift and equatorial electrojet (EEJ) enhanced for 2-3 hr and remained
consistent at values of ~95 m/s and 260 nT between 1700 and 1900 UT (1200 and 1400 LT). At the same time,
vertical E X B plasma drift uplifted the equatorial ionosphere, producing the dusk-side super plasma fountain
and transferring electron density to higher latitudes. A huge increase (~1,325%) in electron density (from 11 to
142 TECu) is observed at low and mid-latitudes from ~20°S to 50°S between 2000 and 0400 UT (1500-2300
LT). The strong westward penetration electric field suppressed pre-reversal enhancement, leading to downward
plasma drift (~—96 m/s) at around 2400 UT (1900 LT). Overnight, vertical plasma drift fluctuated between
+90 m/s, and the combined effect of penetration and disturbance dynamo electric fields caused a significant
increase (~530 km) in ionospheric virtual height. In the main and early recovery phase, consistent short- and
long-duration electric field disturbances persisted for approximately 30 hr, with periods of ~48 and 90 min.

1. Introduction

On 10 and 11 May 2024, multiple enormous solar storms collided with the Earth's atmosphere, causing the most
recent severe geomagnetic storm (G5-class). The previous geomagnetic storm of similar magnitude was observed
in October 2003. For a geomagnetic storm to achieve its maximum intensity, coronal mass ejections (CMEs) must
either merge or approach Earth around the same moment. This historically severe geomagnetic storm was
initiated by several CMEs moving toward Earth. The primary cause of the CMEs was a big and complex sunspot
cluster (NOAA area 3664), which was about 17 times the diameter of Earth and was the largest and most active
sunspot in the current solar cycle 25. G5 storms are very rare, occurring on average every 11 years when a sunspot
group develops, approximately one to three times the size of the Earth. A G5 geomagnetic storm may cause
numerous and vast challenges with various power and communication systems, including voltage control
problems, component failures in some power grid systems, signal blackouts, loss of GPS and other satellite
navigation, and even human health (e.g., Doherty et al., 2004; Gaunt & Coetzee, 2007).

During the magnetic storm, significant modifications in the electrodynamics of the equatorial ionosphere can be
disturbed due to the enhancement of magnetospheric convection, energy deposition through particle precipitation,
Joule heating, and momentum at high latitudes (e.g., Kamide & Kokubun, 1996; Kikuchi et al., 1996; Tsurutani &
Gonzalez, 1997). Electrodynamic changes can profoundly impact the distribution of plasma density, instability
growth rate in the F region, and plasma drift motion in the equatorial and low-latitude ionosphere (e.g.,
Abdu, 2012; Fejer & Scherliess, 1997; Mannucci et al., 2005). Using the geomagnetic field, GPS TEC, ion-
osondes, and incoherent radar measurements, interplanetary electric field (IEF) penetration to the low latitude
ionosphere has been comprehensively investigated (e.g., Fejer et al., 1979, 2021, 2024; Huang & Zhang, 2021;
Rout et al., 2019, 2022; Singh et al., 2015, 2022). Using the Instituto Geofisico del Peru's (IGP) Jicamarca
incoherent scatter radar measurements, Fejer et al. (2021, 2024) observed significant disturbances in vertical and
zonal plasma drifts. They suggested that the upward and downward modifications are caused by under-shielding
and over-shielding electric fields. Previous studies have shown a strong correlation between geomagnetic field,
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ionospheric parameters perturbations at low latitude ionosphere, and interplanetary magnetic field (IMF) reor-
ientation (e.g., Chakrabarty et al., 2015; Huang et al., 2005; Singh et al., 2022).

The sudden southward turning of the IMF's z-component (Bz) enhances magnetospheric plasma convection
toward the Earth from the tail. The potential drop due to charge accumulation at the inner boundary of the ring
current cancels out the effects of the primary magnetospheric convection electric field, known as prompt
penetration (PP) or under shielding conditions (e.g., Chakrabarty et al., 2008; Huang et al., 2005; Kelley
et al., 2003; Kikuchi et al., 1996). The PP electric field promptly enhanced the eastward and westward electric
fields during the day and night, which can continually enhance the electric field close to the equator for minutes to
hours (e.g., Huang et al., 2005; Kelley et al., 2003; Kikuchi et al., 1996).

Previous studies have shown large modifications in the F region plasma drifts caused by the polarity changes of
IMF Bz (i.e., southward and northward) (e.g., Chakrabarty et al., 2015; Fejer et al., 2021, 2024; Huang &
Zhang, 2021; Huang et al., 2005; Mannucci et al., 2005). Chakrabarty et al. (2015) showed continuous eastward
electric perturbations and periodic oscillation triggered by the polarity changes of IMF Bz. The PP electric field
can contribute to an increase in total electron content (TEC) at mid to higher latitudes due to the upliftment of the
equatorial ionosphere by enhancement of E X B drift (e.g., Mannucci et al., 2005; Rout et al., 2019; Singh
et al., 2022; Tsurutani et al., 2004). Mannucci et al. (2005) showed that the strong eastward PP electric field
caused an increase in TEC (~250% TECu) and poleward expansion of the equatorial ionization anomaly (EIA)
crest.

The duration of the PP electric field is decided by the shielding and overshielding processes, as well as the
penetration electric field's tendency to persist. The continuous and long-lasting durations of the PP electric field
during the southern IMF Bz have been thoroughly examined (e.g., Kobea et al., 2000; Huang & Zhang, 2021;
Huang et al., 2005). Huang and Zhang (2021) observed persistent perturbations in vertical plasma drift over
Jicamarca for approximately 10 and 13 hr caused by the IEF condition. According to Huang et al. (2005), the
electric field can penetrate the equatorial ionosphere for approximately 2 and 3 hr without sufficient shielding.
Periodic polarity changes in the IMF Bz can penetrate the low-latitude ionosphere and cause periodic oscillations
(e.g., Rout et al., 2022; Singh et al., 2022; Wei et al., 2008). Using the magnetometers, GPS TEC, and digisondes
data from low to higher latitudes, Singh et al. (2022) showed ~1-hr periodic oscillation of IEF penetration. Wei
et al. (2008) showed that the penetration electric field oscillates periodically in the equatorial electric field, with
periods ranging from 20 min to 3 hr.

Aside from the PP electric field, various additional factors (e.g., disturbance dynamo (DD) electric field,
magnetospheric substorms, solar flares, and solar wind dynamic pressure) can contribute to causing disruptions in
the equatorial and low latitude ionosphere (e.g., Blanc & Richmond, 1980; Chakrabarty et al., 2008; Huang &
Zhang, 2021; Singh & Sripathi, 2017; Singh et al., 2015). During geomagnetic storm conditions, electric field
interruption at lower latitudes with time delay produced by high latitude joule heating and global wind circu-
lations is known as the DD electric field (e.g., Abdu et al., 2006). DD generates an opposite polarity electric field
at low latitudes to the usual ionospheric dynamo electric field, during the day westward and eastward at night.

The main objective of the present study is to describe the ionospheric responses to the most severe (G5-class)
geomagnetic storm over the equatorial and low-latitude ionosphere covering Peruvian longitudes. Our exami-
nation shows that the dusk-side super fountain effect is caused by a significant increase in vertical plasma drift
~95 m/s in 150 km echoes and the F region. The continuance of the under-shielding electric field conditions
produced the long-lasting PP electric field (lasting about 2 and 3 hr) at the equator. A strong westward PP electric
field reduced the pre-reversal enhancement, resulting in a downward plasma drift of approximately —95 m/s and a
decrease in virtual height by about 130 km. The combined effects of the PP and DD electric fields caused a
significant increase (~530 km) in the ionospheric virtual height, with the height exceeding 700 km, causing
ionograms to go off-scale in Vertical Incidence Pulsed Ionospheric Radar (VIPIR). Continuous oscillations in the
IMF Bz, equatorial electrojet (EEJ), and plasma drifts persisted for around 30 hr, with dominant periods of 48 and
90 min.

This work is presented in the following structure: Section 2 presents data sets and analysis. The observations and
results are detailed in Section 3. Sections 4 and 5 give the discussion and conclusion, respectively.
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Figure 1. (a—f): Geomagnetic and interplanetary parameters for 10-12 May 2024. (a) Solar wind speed (Vsw) and solar wind
dynamic pressure (Pdyn) in red and black curves; (b) total interplanetary magnetic field (Bt); (c) interplanetary magnetic
field components (IMF) Bx (black) and Bx (red); (d) interplanetary electric field (IEFy); (e) Sym-H; and (f) Kp index.

2. Data Analysis

We evaluated multi-instrument data from the equatorial and low-latitude latitude ionosphere to examine the
response to the Mother's Day magnetic storm. IGP's Jicamarca Unattended Long-term Investigations of the
Ionosphere and Atmosphere Medium Power (JULIA MP) measurements for 150 km echoes (~120-200 km), F
region plasma drifts, and plasma irregularities (small scale, 3-m), VIPIR for the virtual height (h'F), maximum
frequency (foF2), and equatorial spread F (ESF), and the vertical total electron content (VTEC) from the global
positioning system (GPS) receivers over the American longitudes are used. IGP's Jicamarca radar is the most
effective radar for exploring the electrodynamics of the equatorial ionosphere and penetration electric field
considering its geophysical location (11.9°S, 76.8°W, magnetic dip 1°N) and measurements. JULIA MP is a
combined mode that uses two solid-state transmitters with a peak power of 96 kW to detect (a) coherent echoes
such as equatorial electrojets, spread F, and 150 echoes and (b) incoherent echoes to estimate the zonal and
vertical plasma drift of F region heights. The JULIA MP radar mode uses daytime ionospheric irregularities and
Doppler-shifted echoes to estimate the zonal and vertical plasma drifts of around 150 km and F region. Detailed
information on the IGP's Jicamarca radar measurements can be found in the following studies (e.g., Chau &
Kudeki, 2013; Chau & Woodman, 2004; Fejer, 2011). The JULIA MP radar and ionosonde VIPIR recorded the
ionospheric parameters at intervals of 5 and 7 min. The TEC data for the 30 s and 5-min time intervals is obtained
from the MIT Haystack Observatory madrigal database (http://madrigal.haystack.mit.edu/madrigal/) and (ftp:/
cddis.gsfc.nasa.gov/pub/gps/data). The ground-based magnetometers at equatorial stations at Jicamarca (11.9°S,
76.8°W) and off equatorial station at Piura (5.2°S, 80.6°W) measured 1-min time resolution geomagnetic
magnetic field variation. The difference between Jicamarca and Piura is used as a proxy for the strength of the
equatorial electrojet (EEJ = AHy;. — AH;,.,). Geomagnetic (e.g., Kp index, Sym-H) and interplanetary solar
wind (e.g., IMF B, solar wind speed, particle density) parameters are taken from Advance Composition Explorer
(ACE) satellite measurements from the CDAWeb (https://cdaweb.gsfc.nasa.gov/).

3. Observation and Results

Figure 1 displays the interplanetary and geomagnetic conditions measured by the ACE spacecraft at the L1 point
during the Mother's Day storm on 10—12 May 2024. The magnetic storm began around 1700 UT on May 10 and
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ended at nearly 0300 UT on May 11, with a Sym-H value of approximately —518 nT. The recovery phase lasted
more than a week, as the increased solar wind velocity provided additional momentum and energy to sustain it
longer. The top panel of Figure (a) displays variations in solar wind velocity (Vsw) and solar wind dynamic
pressure (Pdyn). Panels (b—e) illustrate variations in the interplanetary electric and magnetic fields (IMF and IEF),
including (b) total magnetic field (Bt), (c) IMF Bx (blue), and IMF By (red), (d) IMF Bz and (e) IEF. The bottom
two panels exhibit the geomagnetic indices Sym-H (a symmetric component of ring current) and Kp index. The
Pdyn and Vsw experienced a sharp increase due to the arrival of an interplanetary shock, leading to a significant
enhancement in sym-H, which rose by approximately +86 nT around 1730 UT on May 10. At the time of the
interplanetary shock's arrival, Vsw, Pdyn, Bt, IEF, and Kp spiked from 450 to 750 km/s, 5 to 53 nPa, 2.5 to 45 nT,
4 to 28 mV/m, ~10 to 86 nT, and 3 to 9, respectively. The magnetic field components exhibit continuous os-
cillations and large-magnitude variations, with a total magnitude change of around 72 nT (in Bt), 135 nT (in IMF
By), 98 nT (in IMF Bz), and 65 mV/m (in IEF) between 2230 and 0000 UT on May 10 and 11. During the re-
covery phase, a maximum enhancement in the solar wind speed was recorded at ~ 900 km/s at 1700 UT on May
11 and ~1000 km/s at 1000 UT on May 12. The IMF Bz repeatedly showed consistent southward polarity be-
tween —30 and —50 nT over 2-7 hr, with additional polarity changes and irregular fluctuations throughout the
main and early recovery phases. On May 10, IMF Bz fluctuated between 14 and —40 nT between 1700 and
1900 UT.

Significant variations were seen in the southerly direction for almost 3 hr, reaching a maximum of —50 nT be-
tween 1900 and 2200 UT. On May 10 and 11, significant polarity changes from south to north (=50 to 63 nT)
occurred at 2200 UT, and then another southward change occurred and lasted around 6 hr between 2200 and 0400
UT. In Figure 1d, long-duration southward IMF Bz was noted between 1100 and 1800 UT on May 11. The IEF
change has been calculated using the IMF Bz and the solar wind speed (—Vsw X Bz). Multiple substorms
developed throughout the main and recovery phases, leading to substantial increases in the auroral electrojet index
(SMU/SML) and Sym-H peaks, as illustrated in Figures S1 and S1d in Supporting Information S1. The SML
index showed high activity (more than 3000 nT) between ~1800-2000 UT and 0700-1600 UT on May 10-11.

Figure 2 presents IGP's Jicamarca radar measurements acquired between 1200 and 2100 UT (0700 and 1600 LT)
on May 10, in the main phase of the magnetic storm. The top panel (a) shows incoherent echoes of the F region
altitude from ~200 to 600 km, (b) F region vertical plasma drift at different heights between 248 and 548 km, with
an altitude interval of 60 km (cyan circles), and standard deviation (blue error bars). The green line plot indicates
the average drift from the Scherliess and Fejer (SF) model (e.g., Scherliess & Fejer, 1999). Panel (c) displays the
150 km echoes and the vertical drift (black circle). The upward and downward plasma drift represents the
eastward and westward electric fields in the equatorial ionosphere. During the day, the E region electron density
peak to the bottom side F region ionosphere (particularly between 120 and 200 km) influences the entire iono-
sphere (e.g., Immel et al., 2018). Panel (d) depicts the virtual height (h'F) changes measured by the VIPIR over
Jicamarca. Panel (e) exhibits the equatorial electrojet (EEJ, blue curve) and the five international quiet days
(IQDs) average value (black line) for May. The EEJ is a proxy for the strength of ionospheric F region E X B
vertical drift (e.g., Anderson et al., 2002). The bottom panel (e) shows IMF Bz variations. Significant changes in
ionospheric parameters occurred at the same time between 1700 and 1900 UT (1200 and 1400 LT), as shown in
Figure 2 (gray shaded area). The ionospheric parameters were initially quiet, and dramatic changes occurred when
the IMF Bz turned sharply southward at around 1700 UT (1200 LT), resulting in the F region plasma drift, 150 km
plasma drift, h'F, and EEJ to increase from 20 to 100 m/s, 20 to 100 m/s, 200 to 335 km, and 60 to 260 nT. After
that, it progressively increased and remained stable for almost 2 hr, from 1700 to 1900 UT (1200-1400 LT).
Surprisingly, the penetrating electric field persists for around 2 and 3 hr, leading to an upward plasma drift
(eastward electric field) (e.g., Huang et al., 2005). The continuing penetration resulted in the dusk side super
plasma fountain effect, where the equatorial ionization anomaly (EIA) crest extended poleward up to 20-50°S (in
the southern hemisphere), and electron density increased ~1,325%, as illustrated in Figures 3 and 4.

The latitude distribution of GPS total electron content (TEC) and EIA crest evolution in the Northern and
Southern Hemispheres is shown in Figure 3. The upper and lower panels in the Figure (a—b and c—d) exhibit GPS
TEC and deviation in TEC (dTEC) between —60 and 60°N latitudes (geographical latitude) over the American
longitudes at ~—77°E £ 10°E. The dTEC = (TEC — TEC,qp,) measures the difference between the disturbed
day's TEC and the five IQDs average TEC value. The EIA crest significantly increased and extended poleward to
higher latitudes, as seen in Figures 3b and 3d. On May 10, TEC enhanced significantly ~1,325% (~130 TECu) in
the southern hemisphere and ~380% (~115 TECu) in the northern hemisphere compared to the quiet days due to
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Figure 2. (a—f): Shows Jicamarca ISR observations from 1200 (0700) to 2100 (1600) UT (LT) on 10 and 11 May 2024. (a) F
region vertical plasma drift from 200 to 945 km, (b) F region vertical drift at different altitudes (solid cyan circle); Scherliess
and Fejer (SF) model average drift (green line plot) and standard deviation (blue error bars), (¢) 150 km echoes and average
drift (black circle), (d) equatorial electrojet (EEJ = AHy;. — AHpium) and international quiet days mean (IQDs) in blue and
black curves, and (e) IMF Bz. The gray-shaded area indicates a dramatic increase in the ionospheric parameters.

the super plasma fountain effect (e.g., Mannucci et al., 2005; Tsurutani et al., 2004). Between 15°N to 38°N and
15°N to 50°S, the EIA crest strengthened significantly and expanded poleward. Significant increases in TEC
occur on the dusk side for about 5 hr between 2000 and 0100 UT (1500-2000 LT) in the northern hemisphere and
1900-0400 UT (1500-2300 LT) for 7 hr in the southern hemisphere. The crest formation showed hemispheric
deviations, with considerable increases in the southern hemisphere. The southern hemisphere experiences a
greater increase in TEC and poleward expansion than the northern hemisphere due to strong eastward penetration
and the seasonal anomaly (i.e., winter anomaly) effect (e.g., Tsurutani et al., 2004; Walker, 1981).

The GPS TEC variation and IQD mean values for low- and mid-latitude locations over American longitude for
May 10 and 11 are shown in Figure 4. The top two panels (a and b) show TEC variation in the northern hemi-
sphere at Santo Domingo (RDSD:18.4°N, 290.2°E) and Bogota (BOGT:4.6°N, 285.1°E), while the bottom panels
(c and d) show TEC variation in the southern hemisphere at Cordoba (CORD:—31.5°N, 295.5°E) and Santiago
(SANT:—33.1°N, 289.5°E). The red line plots in Figure 4 indicate individual pseudo-random noise (PRN) TEC
variations, the blue line plots are the average value of all PRN TEC, and the black/gray lines represent the mean/
standard deviation of five IQDs. Figure 4 shows large TEC improvements in the northern hemisphere from 1730
UT (1230 LT) to 0200 UT (2200 LT) which sustained around 8 hr. On May 10, a large TEC value increase at the
RDSD and BOGT occurred at ~380% TECu and 280% TECu, compared to the IQDg mean value at ~2300 UT
(1800 LT) and 2230 UT (1730 UT), respectively. In the southern hemisphere, TEC increased ~1,150% and
1,325% at the CORD and SANT, respectively. The TEC increased drastically between 1730 UT (1230 LT) and
0730 UT (0230 LT) and lasted around 14 hr on May 10 and 11. This is the first time that we are seeing ~1,325%
TEC enhancements sustained for longer periods at low and mid-latitudes. This large growth in TEC at mid-
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Figure 3. Panels (a and b) depict the latitudinal variations of madrigal GPS total electron content (TEC) over American
longitudes at ~—77°E + 10°E on 09-11 May 2024. The bottom panels (c and d) represent ATEC = (TEC-TECqp, Mean),
where TECqp, is the average value of five IQDs during May.
latitudes is due to the strong PP electric field effect, as persistent upward plasma drift and eastward EEJ (Figure 2)
lead to dusk-side super plasma fountain.
To examine ionospheric disturbances and plasma distributions associated
with thermospheric neutral winds, we analyzed observations from two Fabry-
10-11 May 2024 Perot interferometers (FPI) measuring red line neutral winds at Millstone Hill
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Figure 4. (a—d): Vertical TEC variations in the northern and southern
hemispheres across the American longitudes (a) Santo Domingo (RDSD),
(b) Bogota (BOGT), (c) Cordoba (CORD), and Santiago (SANT). The gray
and blue curves symbolize the standard deviation and mean value of the five
1QDs.

during the main and initial recovery phases of the magnetic storm (Figure 5).
The meridional winds are displayed in the left panels (5a and 5c), while the
right panels (5b and 5d) show the zonal winds at MH and CP. Positive and
negative values of the meridional wind indicate northward and southward
movement, respectively. For the zonal wind, positive values represent east-
ward flow, and negative values represent westward flow. The blue plots with
error bars indicate the mean and standard deviation of the five IQDs for May.
The wind variations on May 9 and 10 (green plots) serve as a control day to
compare with disturbed day winds. At CP, a strong southward (negative)
meridional wind of approximately —180 m/s developed in the southern
hemisphere around 2200 UT (1900 LT). This wind weakened and gradually
shifted northward (positive) around 0100 UT (2200 LT). Between 0100 and
0200 UT, a slow northward variation was observed at both MH and CP. The
meridional component remained equatorward (southward) between 0200 UT
(2100 LT) and 0500 UT (0000 LT), with a significant enhancement reaching
about —280 m/s at MH. Around the same time, the meridional wind at CP also
remained equatorward (northward) with values around +48 m/s.

On May 10 and 11, the zonal wind exhibited storm effects, leading to sig-
nificant westward perturbations at both CP and MH. At CP, a strong westward
zonal wind of —130 m/s developed, oscillated, and remained westward be-
tween 2200 and 0900 UT (1900 and 0600 LT) on May 10 and 11. At MH
(Figure 5b), a strong westward zonal wind of approximately —182 m/s began
at 0030 UT (1930 LT), weakened with oscillations, and remained westward
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Figure 5. (a—d): Presents the FPI red line thermospheric neutral winds measured over Millstone Hill (panels a and b) and Cachoeira Paulista (panels ¢ and d), along with
the mean and standard deviation of the five IQDs. The left panels (a and c¢) display the meridional winds (positive values indicate northward winds, while negative values
indicate southward winds), and the right panels (b and d) show the zonal winds (positive values represent eastward flow, while negative values represent westward

flow).

until around 0530 UT (0030 LT). Significant changes in the meridional and zonal winds generate secondary
ionospheric currents in the equatorial ionosphere, which can modify ionospheric plasma distribution (e.g., Abdu
et al., 1998; Blanc & Richmond, 1980).

The coherent and incoherent backscatter power from equatorial spread F and plasma drift at various heights
(between 248 and 548 km with 60 km height intervals), h'F, EEJ, and IMF Bz between 2100 and 1200 UT (1600—
0700 UT) on May 10 and 11 shown in Figure 6. The green line plot indicates the climatological quiet time E X B
drift variation. A strong, persistent westward penetrating electric field can be seen in Figures 6b and 6¢ between
2300 and 0030 UT (1800 and 1930 LT) that suppressed the pre-reversal enhancement. The westward penetration
electric field lasted 1.5 hr, causing downward plasma (westward electric field) drift of around —90 m/s and
~130 km reduction in h’F at ~0000 UT (1900 LT), as represented by the shaded region in cyan. At the same time,
IMF Bz and IEFy show large changes in their values, reaching approximately —58 nT and —35 mV/m, confirming
the strong westward penetration electric field that produced the westward EEJ and downward plasma drift —40 nT
and ~—90 m/s at around. During the southward turning of IMF Bz, the F region plasma drift changed dramatically
between 2300-0030 UT (1800-1930 LT), 0200-0300 UT (2300-0000 LT), 0600-0730 UT (0100-0230 LT), and
0800 UT (0300 LT). However, as the IMF Bz changed from south to north, the intensity of penetrations decreased
due to overshielding electric field conditions. Following that, plasma drift increased/decreased in the upward/
downward direction due to the northward/southward turning of IMF Bz at about 0030 UT (1930 LT). Upward
plasma drift changes with high values of ~90 m/s occurred for ~3 hr between 0300 and 0600 UT (2200-0100 LT)
matching with northward IMF Bz changes, indicated by the gray shaded area.

The most noticeable increase in virtual height occurred between 0300-0510 UT (2200-0010 LT) and 0730-0800
UT (0230-0300 LT), where the h'F increased approximately 530 km compared to the quiet day mean variation.
Interestingly, the ionosphere uplifted to higher altitudes, and ionograms in the VIPIR went out of scale between
0530-0630 (0030-0130) and 0800-1030 (0300-0530) UT (LT), as seen by red lines in Figure 6d and Figure S2 in
Supporting Information S1. In Figure 6a, the existence of large fluctuations in vertical drift between 0430 and
0830 UT (2330 and 0330 LT) which pushed up and down the small-scale (3-m) spread F irregularities. Initially,
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Figure 6. (a—f): Jicamarca ISR observations between 2100 (1600) and 1200 (0700) UT (LT) on 10 and 11 May 2024.
(a) Coherent backscatter power from the equatorial spread F, (b) F-region vertical plasma drift, (c) F region vertical plasma
drift (cyan solid circle) at different altitudes along with standard deviation (blue error bar) and SF model drift (green line),
(d) h'F along with five IQDs mean, (¢) EEJ (blue curve) with five IQDs average value (black line), and (f) IMF Bz. The blue
and shaded areas represent significant downward and upward plasma drift enhancement.

spread F irregularities altitude was around 500 km, and the sudden increase in plasma drift (eastward electric
field) with values ~70 m/s pushed the irregularities to a higher altitude of ~750 km at 0530 UT (0030 LT) then
sudden downward plasma drift (westward electric field) dragged the irregularities at a lower altitude from ~600 to
200 km at 0630 UT (0130 LT) and 0800 UT (0300 LT) with —70 m/s values. The equatorial ionosphere's electric
field experiences disruptions during the night, oscillating periodically with periods of approximately 48 and
90 min (Figure 8). Both the disturbance dynamo-driven eastward electric field and the penetration electric field
likely contributed to the observed increase in vertical plasma drift and h'F. These changes are likely due to
significant alterations in thermospheric neutral winds (Figure 5), auroral electrojets (Figure S1 in Supporting
Information S1), and the IMF Bz.

Variations in ionospheric parameters during the magnetic storm's recovery phase between 1000 and 1200 UT
(0500 and 0700 LT) are shown in Figure 7. From top to bottom, panels indicate (a) vertical drifts from 200 to
800 km heights, (b) plasma drift at various heights (between 248 and 548 km with 60 km height intervals), (c)
zonal drift (positive eastward and negative westward), (d) average zonal drift, (e) h'F, and (f) EEJ. The green and
black curves in (b) and (f) indicate quiet time drift and IQDs mean variation. A maximum downward drift of
approximately 50 m/s and a maximum westward drift of —180 m/s are shown in the Figure, which demonstrates
the continuous downward (westward electric field) and westward zonal drift between 1100 and 1830 UT (0600
and 1330 LT). At the same time, the westward polarity electric field generates a counter electrojet (CEJ) or
westward EEJ with values of ~—245 nT, whereas the southward IMF Bz has a maximum negative value of
—25 nT. Interestingly, the EEJ and zonal and vertical plasma drifts fluctuated with dominant periods of ~90 min,
as seen in gray shaded region. The vertical plasma drift and the strong westward EEJ changed remarkably
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Figure 7. (a—g): Jicamarca ISR observations during 1000-1200 (0500-0700 LT) UT on 11 and 12 May 2024. (a) F-region
vertical plasma drift (red solid circle) at various altitudes with standard deviation (blue error bar) and SF model drift (green
line), (c) F region zonal drift, (d) average zonal drift, (¢) h'F along with five IQDs mean, (f) EEJ (blue curve) and IQDs mean,
and (g) IMF Bz. The gray shaded area represents the long-duration downward plasma drift and strong westward EEJ.

between 1130 and 1900 UT (0630 and 1400 LT), however, the zonal plasma drift remained westward or in the
unmodified background direction. At the same time, IMF Bz shows similar variations, confirming the penetration
electric field continues affecting the ionosphere for almost 8 hr (gray shaded area). Another long-duration
westward electric field caused the downward plasma drift between 2000 and 2300 UT (1500-1800 LT) for
about 3 hr, as westward EEJ and southward IMF Bz appeared.

As we noticed from our observations, vertical plasma drifts and EEJ are constantly fluctuating with IMF Bz. We
performed a periodogram analysis applying the Lomb analysis in Figure 7. The Savitzky-Golay algorithm (e.g.,
Rout et al., 2022; Singh et al., 2022) is used to extract fast and short oscillations. In Figure 7, periodogram analysis
carried out for the IMF Bz (green), EEJ (red), vertical plasma drift (cyan), and zonal drift (black) (a) between 1700
and 0300 UT (1200-2200 LT) from 10 to 12 May, (b) between 2100 and 1200 UT (1600-0700 LT) on 10 and 11
May, and (c) between 1000 and 0000 UT (0500-1900 LT) on 11 and 12 May. The IMF Bz, EEJ, and ionospheric
drift experienced the same dominant continuous oscillations of ~48 and 90 min. The common and dominant
periods evidence that the penetration electric field constantly disturbs the equatorial ionospheric electrodynamics.

4. Discussion

Using data from the IGP's Jicamarca Radio Observatory incoherent scatter radar, GPS TEC, VIPIR, and
magnetometer, we examined ionospheric electrodynamic disturbances to the highest-level geomagnetic storm
(G5) of the current solar cycle 25. The qualitative analysis reveals significant connections between IEF at low
latitude ionospheric parameters (e.g., plasma drift, h'F, and EEJ) along the Peruvian longitudes. The equatorial
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Figure 8. (a—c): Lomb-Scargle periodogram analysis for IMF Bz (green),
EEJ (red), F region vertical plasma drift (cyan), and zonal plasma drift
(black). The time range is selected from top to bottom panels: 1700-0000
UT on May 10-12, 2100-1200 on May 10-11, and 1000-0000 on May

11-12.

ionosphere heightened at higher altitudes with ~95 m/s vertical plasma drift,
causing the dusk-side plasma fountain and an increase in electron density of
~1,325% at the low and mid-latitudes. The IMF, EEJ, and vertical plasma
drift are all synchronized, demonstrating that under-shielding/over-shielding
electric fields are continually disrupting the low-latitude ionosphere. The
consistent disturbances in the zonal electric field at the equator lasted for
approximately 2-3 hr and 8-10 hr. The sudden changes in the eastward
electric field in the equatorial ionosphere caused by the penetration electric
field have a noticeable impact on drifts, EEJ, and h'F. Interestingly, the arrival
of an interplanetary shock, a sudden increase in solar wind dynamic pressure
and velocity coincides with the northward to southward polarity change of the
IMF Bz. This suggests that strong electric field disturbances are associated
with both solar wind dynamic pressure and IMF Bz. The simultaneous sudden
changes led to significant disturbances in the zonal electric field at the equator
around 1730 UT (1230 LT). At this point, determining the individual effects is
quite challenging.

The sharp southward (from northward) polarity changes in the IMF Bz
increased the magnetospheric convection electric field and induced the under-
shielding electric field condition, causing major changes in the equatorial
zonal electric field (e.g., Chakrabarty et al., 2015; Fejer et al., 1979; Kelley
etal., 2003). In the under-shielding state, IEF promptly maps to the equator via
the propagation of a transverse magnetic mode in the Earth ionosphere
waveguide, known as the prompt penetration (PP) electric field (e.g., Kikuchi
et al.,, 1996). The PP electric field induced enhancements (eastward and
westward) in the zonal electric field at the equator (during the day and night)
(e.g., Chakrabarty et al., 2015; Fejer et al., 2021; Huang & Zhang, 2021). Our
observations provide evidence that a strong persistent (approximate 2 and 3 hr)
prompt penetration (PP) electric field increased vertical plasma drift (~95 m/s)
and eastward EEJ (~260 nT) between 1200 and 1430 LT (1700 and 1930 UT)
in Figure 2, resulting in a dusk side super plasma fountain effect (e.g., Tanaka
& Ohtaka, 1996) and vertical TEC enhancements of more than ~1,325% at low
and mid-latitudes (Figures 3 and 4). As the interplanetary electric field gets

stronger, the intensity of EEJ currents and E X B drift increases in eastward and upward direction, as observed by
ground-based magnetometers and IGP's Jicamarca IS radar over the equator in Figure 2. Per our observations, a

strong eastward penetration electric field constantly enhanced the pre-existing electric field at the equator and lifted
the F region plasma at higher altitudes due to the E X B drift (e.g., Tsurutani et al., 2004; Mannucci et al., 2005;
Huang et al., 2005; Rout et al., 2019).

Mannucci et al. (2005) reported a significant increase and poleward extension of the EIA peak during the
Halloween storm of 29 and 30 October 2003. This was caused by the strong super-fountain effect and eastward PP

electric field, which increased the F region electron density by about 250% at mid-latitudes. The recombination

rate of the electron density contributes to how long the density remains. Electron density may last longer at higher
altitudes due to slower recombination processes (Fuller-Rowell et al., 1996; Li et al., 2020). In our observations,
electron density increased and remained stable until after sunset hours from 1900 to 0300 UT (1400-2200 LT), as
shown in Figure 3. However, electron density at low latitude station SANT (Figure 4d) persisted for around 14 hr
from 1730 to 0800 UT (1230-0300 LT) on 10 and 11 May.

On May 10, the poleward movement of meridional winds at CP between 2200 (1900) and 0030 (2130) UT (LT)
(Figure 5c¢), combined with an existing eastward electric field (i.e., increased upward E X B drift) at the equator,
contributed to the super plasma fountain effect and enhanced EIA peaks at higher latitudes. The weakening of the
poleward winds began around 1900 LT and continued gradually until 2200 LT. Simultaneously, a strong
westward penetration electric field restricted the upward movement of plasma during the pre-reversal
enhancement, contributing to a reduction in the ionospheric virtual height due to downward plasma drift

(Figures 6¢ and 6d) and initiating the onset of the CEJ condition (Figure 6e). Consequently, plasma accumulates at
lower altitudes in the F-region, where the recombination rate is faster, leading to an increase in TEC, as shown in
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Figure 4 between 1800 and 2130 LT. While recombination occurs more rapidly at lower altitudes due to increased
neutral density, the westward electric field and suppression of the PRE contribute to a downward plasma drift in
the F-region. This downward drift confines plasma to lower altitudes, where it accumulates. Although recom-
bination rates are higher at these altitudes, the overall plasma loss does not occur instantaneously. As a result, the
downward drift leads to significant plasma accumulation at these altitudes, causing an increase in TEC. Addi-
tionally, during the night, the cooling ionosphere reduces recombination rates, allowing the elevated plasma
density to persist, particularly under the influence of electric fields that restrict upward plasma drift. The
considerable increases in TEC at dusk and night can also be connected to the strong eastward penetration electric
field that occurs just before dusk between 1200 and 1430 LT, as demonstrated in Figure 2. This enhanced
eastward electric field generates upward E X B drift, which drives the ionospheric plasma to higher altitudes in the
F-region, where the plasma experiences a slower recombination rate, allowing it to persist longer and contribute to
sustained TEC levels. As dusk approaches, the ionization generated during the day accumulates in the ionosphere,
and the gradual decay of solar radiation does not deplete the plasma quickly. This leads to an increase in TEC.
Moreover, the significant enhancement of TEC at dusk and night is influenced not only by ionospheric processes,
such as pre-reversal enhancement and slower recombination but also by plasmaspheric erosion. This process
provides additional plasma to the ionosphere, as plasma stripped from the plasmasphere migrates downward and
merges with the ionospheric plasma, keeping TEC values high. During a geomagnetic storm, the plasma fountain
effect, and density enhancements at low and midlatitudes can be impacted by plasmasphere erosion (e.g., Chen &
Schulz, 2001; Foster et al., 2002). The erosion caused by the strong convection electric field reduces the plas-
masphere's total plasma density, transporting plasma into the ionosphere, especially at night in places far from the
equator (e.g., Foster et al., 2002). According to our findings, the increase in electron density observed in the
southern hemisphere at night (Figures 3 and 4) could be attributed to plasmasphere erosion.

Studies using observational data as well as numerical models have investigated constant (approximately 2 and
3 hr) IEF penetration into the low-latitude ionosphere (e.g., Huang et al., 2005; Huba et al., 2005; Maruyama
et al., 2007). The penetration electric field durations of about 2-3 and 1.5 hr in the vertical plasma flow are shown
in Figures 2 and 5. Our observations in Figure 5 demonstrated that a strong westward penetration electric field
caused reduction in pre-reversal enhancement and downward plasma drift (—95 m/s) at ~00 UT (1900 LT), while
an over-shielding electric field prompted an increase in upward plasma drift (~60 m/s) at 0030 UT (1930 LT)
(e.g., Chakrabarty et al., 2015; Fejer et al., 2021; Singh & Sripathi, 2017, 2021). Singh and Sripathi (2017)
showed a large decrease in the pre-reversal enhancement over Indian longitudes due to the strong westward
penetrating electric field, where the F region height was reduced significantly.

In our analysis, the causal relationship between the vertical plasma drift and the IEF suggested that the PP electric
field caused continuous disturbances in the electrodynamics of the ionosphere for about 35 hr. The duration of the
penetration electric field is controlled by the shielding and over-shielding state processes. Previous studies have
shown that the rapid penetration electric field can exist for a longer period and play a major role in triggering the
development of low-latitude ionospheric disturbances (e.g., Huang et al., 2005; Kobea et al., 2000; Wei
etal., 2008). Wei et al. (2008) found a significant correlation (~0.71) between IEF and zonal electric field over the
Peruvian sector, with continuous penetration for ~125 hr.

On 10 and 11 May, thermospheric neutral winds (meridional and zonal) at both MH and CP (Figure 5) exhibited
substantial westward and equator deviations compared to quiet-time mean variation. These pronounced changes
in the westward and meridional winds indicate large-scale disturbances in the neutral winds and ionospheric
dynamo (e.g., Blanc & Richmond, 1980; Fejer & Scherliess, 1997). During the nighttime hours on May 10 and 11,
a strong eastward DD electric field was generated due to strong westward zonal winds, leading to oscillations and
a substantial increase in ionospheric virtual height, as shown in Figure 6. Since substantial modifications occurred
concurrently in the IMF Bz, substorms (Figure S1 in Supporting Information S1), and thermospheric neutral
winds (Figure 5), the combined effect of the ionospheric DD and penetration electric fields enhanced the iono-
spheric virtual height (Figure 6d) and oscillations in vertical plasma drift (Figure 6c).

On May 11, the downward vertical plasma drift resulted from an uninterrupted westward penetration electric field
that continued for approximately 8-10 hr between 1100 and 2100 UT (0600 and 1600 LT) under the southward
IMF Bz condition, as shown in Figure 7. The downward F region plasma drift and oscillations during the ongoing
westward electric field (Figure 7) are very similar to the IEF variations, and the background zonal plasma drift
velocity direction remains unchanged, which suggests that the IEF along with ionospheric dynamo consistently
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induces the strong westward electric field. Huang et al. (2005) reported a considerably longer duration (~8—10 hr)
of penetration electric field under the long-period IMF Bz. They suggested that the IEF can continually penetrate
the low-latitude ionosphere without effective shielding under increased geomagnetic activity. According to
Maruyama et al. (2005), storm-time perturbations in the zonal electric field are primarily generated by the PP
electric field during the day. However, at night, the magnitudes of the DD electric field and PP electric field are
nearly comparable. In this study, ionospheric electric field disturbances during the afternoon and PRE periods are
linked to the PP penetration electric field, as the zonal electric field responds progressively to PP influences (e.g.,
Abdu et al., 1998). On the other hand, perturbations in ionospheric plasma drift at night may be induced by a
combination of DD and PP electric fields. It is challenging to differentiate the distinct impacts of the DD and PP
electric field effects when the IMF Bz, disturbance winds, and substorms occur simultaneously.

The polarity of the IMF leads the plasma to move up and down, resulting in an increase and decrease in E X B
drift, which reacts similarly to EEJ intensity. The EEJ enhancement in the opposite direction (i.e., westward) is
known as the equatorial counter electrojet (CEJ). The intensity of the electrojet modified the F region plasma drift,
h'F, foF2, and TEC (e.g., Fejer et al., 2021; Kobea et al., 2000; Singh & Sripathi, 2021). Kobea et al. (2000)
showed that long-duration overshielding (~3 hr) increased the intensity of equatorial electrojets in the westward
direction (i.e., CEJ). Our measurements on May 11 between 0600 and 1600 LT (1100 and 2100 UT) under the
strongly southward IMF Bz condition show an enhancement in CEJ (~—240 nT) associated with the long-
duration continuous westward electric field (~6-8 hr), as shown in Figure 7 by gray shaded region.

The oscillation in F region plasma drifts and electrojets are presumably induced by the IEF's continuous pene-
tration into the low latitude ionosphere throughout the main and early recovery phase of the magnetic storm. Wei
et al. (2008) proposed that the periodic oscillation in the IMF Bz can continuously penetrate the low-latitude
ionosphere and remain active for as long as the IMF Bz oscillates between north and south directions, which
might be longer duration. Magnetospheric substorms with eastward and westward polarity on the dayside and
nightside may also initiate the PP electric field at low latitudes under constant southward IMF Bz conditions (e.g.,
Chakrabarty et al., 2008; Fejer et al., 2021; Huang & Zhang, 2021). According to our observations, IMF Bz is not
stable and oscillates, and influential substorms also occur. As a result, PP electric field triggered oscillations in
EEJ and F-region drifts on the day and night side might be attributed to a combination of IMF Bz fluctuations and
multiple substorms. The repetitive electric field disturbances cause quasi-periodic oscillations in IMF Bz, EEJ,
and plasma drifts, with dominating periods ranging from 48 to 90 min, as shown in Figure 8.

5. Conclusion

We investigated the ionospheric responses to the most powerful geomagnetic storm of the current solar cycle 25,
with Sym-H reaching approximately —518 nT. Throughout the magnetic storm, the IMF Bz oscillated and
triggered long and short periods under shielding and overshielding electric field conditions. Using the IGP's
Jicamarca radar and other supporting instruments, we examined the following important results:

1. The long-duration penetration electric field intensified vertical plasma drift, leading to the dusk side super
plasma fountain phenomenon. The long-duration penetration electric field transpired when the IMF Bz
remained stable in the southward direction.

2. On May 10, the significant eastward penetration electric field increased the eastward EEJ reaching ~260 nT on
the dayside. On May 11, the long-duration strong westward electric field manifested in a westward EEJ
~—=240 nT.

3. The equatorial ionization anomaly (EIA) increased and extended to mid-latitudes (15-38°N in the northern
hemisphere, 20-50°S in the southern hemisphere).

4. Total electron content (TEC) increased ~1,325% and 380% in the southern and northern hemispheres, lasting
8-14 hr, and persevered till 2300 LT over the American longitudes.

5. The strong westward penetration electric field reduced pre-reversal enhancements, leading to downward
plasma drift and CEJ] ~—90 m/s and —40 nT, which corresponds with southward IMF Bz ~58 nT (IEFy
~35 mV/m).

6. During the local nighttime hours, the ionosphere reached higher altitudes due to the enhanced eastward electric
field, and ionograms reached out of the range in VIPIR.

7. The IMF Bz, EEJ, and vertical plasma drift reflect the common and dominating period of ~48-90 min, which
lasts around 30 hr in response to the ongoing penetrating electric field.
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We conclude that the strong eastward PP electric field effect is responsible for the simultaneous sudden rises in
the EEJ, 150 km drift, vertical plasma drift, and h'F during the storm's main phase. The strong eastward PP electric
field produced dusk-side plasma fountain and large enhancements in VTEC from low to higher latitudes. The
strong westward PP electric field suppressed the pre-reversal enhancement. At the same time, consistent
(approximately 2 and 3 hr constant) shifts in IMF Bz, EEJ, and vertical plasma drift confirm continuous PP
electric field condition. The common and dominating periods (~48 and 90 min) of IMF Bz, EEJ, and plasma drifts
establish the causal association between IMF and ionospheric electrodynamics.
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