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Abstract The 23-24 April 2023 double-peak (SYM-H intensities of —179 and —233 nT) intense
geomagnetic storm was caused by interplanetary magnetic field southward component B associated with an
interplanetary fast-forward shock-preceded sheath (B, of 25 nT), followed by a magnetic cloud (MC) (B, of
33 nT), respectively. These interplanetary structures were led by a coronal mass ejection erupted from the Sun in
association with an M1.7 X-ray flare. At the center of the MC, the plasma density exhibited an order of
magnitude decrease, leading to a sub-Alfvénic solar wind interval for ~2.1 hr. Ionospheric Joule heating
accounted for a significant part (~81%) of the magnetospheric energy dissipation during the storm main phase.
Equal amount of Joule heating in the dayside and nightside ionosphere is consistent with the observed intense
and global-scale DP2 (disturbance polar) currents during the storm main phase. The sub-Alfvénic solar wind is
associated with disappearance of substorms, a sharp decrease in Joule heating dissipation, and reduction in
electromagnetic ion cyclotron wave amplitude. The shock/sheath compression of the magnetosphere led to
relativistic electron flux losses in the outer radiation belt between L* = 3.5 and 5.5. Relativistic electron flux
enhancements were detected in the lower L* < 3.5 region during the storm main and recovery phases. Equatorial
ionospheric plasma anomaly structures are found to be modulated by the prompt penetration electric fields.
Around the anomaly crests, plasma density at ~470 km altitude and altitude-integrated ionospheric total
electron content are found to increase by ~60% and ~80%, with ~33% and ~67% increases in their latitudinal
extents compared to their quiet-time values, respectively.

Plain Language Summary A fast interplanetary coronal mass ejection (ICME) and its upstream
sheath caused severe disturbances in the Earth's magnetosphere during 23-24 April 2023. The sheath anti-
sunward of the fast ICME shock was composed of high-density plasmas and intense magnetic fields. This was
followed by a plasma density rarefaction and intense magnetic fields with a field rotation (known as a
magnetic cloud). This complex interplanetary structure resulted in a double-peak geomagnetic storm, and
several intense auroral substorms. Solar wind kinetic energy transferred into the magnetosphere during the
geomagnetic storm caused large Joule heating in the auroral ionosphere in both dayside and nightside of
Earth. Compression of the magnetosphere by the shock/sheath caused losses of relativistic-energy electrons
from the outer radiation belt at the beginning of the magnetospheric event. The equatorial ionospheric
anomaly structure, characterized by a low plasma region on the geomagnetic equator and plasma
enhancements on both sides (~£10°) of the equator, was significantly altered during the magnetic storm. In
particular, the plasma density crests were more intense and expanded in hemispherical distribution. These
variations are attributed to the prompt penetration electric fields to the equatorial ionosphere, which in turn
modulated the equatorial ionospheric dynamics. These results should be important for prediction and
modeling of geomagnetic storms and their impacts.
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1. Introduction

Geomagnetic storms are significant disturbances of the Earth's magnetic fields (Gonzalez et al., 1994; Tsurutani
et al., 2003; von Humboldt, 1808). Transient events, originating at the Sun, and modified in the interplanetary
medium, lead to the geomagnetic storms (Tsurutani et al., 1988). The storms strongly affect the Earth's
magnetosphere-ionosphere system, which in turn affect humankind (e.g., Tsurutani et al., 2020, 2023, 2024, and
references therein). In this work, we will study the solar/interplanetary phenomena causing the magnetic storm on
23-24 April 2023, and the magnetospheric and ionospheric phenomena resulting from the storm. It is the
strongest storm of the current solar cycle (starting during December 2019) prior to the recent 10-11 May 2024
superstorm (Hajra et al., 2024), comparable in strength with the largest storm (with SYM-H = —234 nT on 17-18
March 2015) of previous solar cycle 24 (this paper was submitted before May 2024).

The solar wind energy input into the magnetosphere during geomagnetic storms is believed to be caused by
magnetic reconnection between southwardly directed interplanetary magnetic field (IMF) component B, and the
Earth's northward magnetopause magnetic field (Dungey, 1961). This has been empirically verified by Tsurutani
and Meng (1972) for substorms, and by Tsurutani et al. (1988) and Echer et al. (2008) for magnetic storms. The
IMF magnitudes are intrinsically intense in the magnetic cloud (MC) portion of an interplanetary coronal mass
ejection (ICME; Burlaga et al., 1981; Gonzalez et al., 1998). If the ICME is “fast” relative to the upstream
magnetosonic wave speed, an interplanetary fast-forward (FF) shock will form. Behind the shock, a sheath of
intensified plasma density and magnetic fields is present, which is strongly related to the shock magnetosonic
Mach number (Kennel et al., 1985; Tsurutani et al., 1988). Some of the sheaths are followed by MCs, charac-
terized by a low-density, low plasma-$ (f is the ratio of the plasma pressure to the magnetic pressure) cold plasma,
and slow and smoothly rotating IMFs (Burlaga et al., 1981; Gonzalez & Tsurutani, 1987; Marubashi & Lepp-
ing, 2007). If the magnetic fields of the MCs are intensely southward and of long-duration, a magnetic storm will
occur. Similarly, if the sheath magnetic fields are strongly southward and of long-duration, they will also lead to a
magnetic storm. If both interplanetary regions have southward IMFs, a double main phase magnetic storm will
result (Kamide et al., 1998; Meng et al., 2019; Tsurutani et al., 1988; Zhang et al., 2008).

Magnetospheric energetic particles can be both lost and accelerated/formed during magnetic storms (e.g., D. N.
Baker et al., 1994; Hajra & Tsurutani, 2018a; Hajra et al., 2020; Horne et al., 2005, 2009; Hudson et al., 2014; Lu
et al., 2022; Onsager et al., 2002; Reeves et al., 2003; D. L. Turner et al., 2013, 2014; Wygant et al., 2013, and
references therein). When a high plasma density sheath compresses the magnetosphere, the dayside magnetic
fields become blunter than a dipole configuration. Consequently, trapped magnetospheric energetic particles can
drift to the magnetopause due to the enhanced dayside magnetic field gradients. These particles will be lost to the
magnetosheath and the field lines to which the energetic particles are attached will be swept away downtail by the
solar wind. This process has been called magnetopause shadowing (Hietala et al., 2014; Hudson et al., 2014; Kim
et al., 2008; Li et al., 1997; Ohtani et al., 2009; West et al., 1972, 1981). A second loss process can also occur.
Compression of the dayside magnetosphere will cause betatron acceleration of preexisting magnetospheric en-
ergetic particles. The increase in the perpendicular kinetic energy of these particles will lead to a temperature
anisotropy, which in turn will excite a plasma instability, leading to electromagnetic ion cyclotron (EMIC) wave
growth, cyclotron resonant pitch angle scattering and loss of the particles to the ionosphere (Horne &
Thorne, 1998; Kang et al., 2021; Lu et al., 2006; Meredith et al., 2006; Remya et al., 2015; Summers et al., 1998;
Thorne & Kennel, 1971; Tsurutani et al., 2016).

During magnetic storms and substorms, ~100 eV to 1 keV plasmasheet plasma is injected deep into the nightside
magnetosphere by magnetic reconnection/convection electric fields (DeForest & Mcllwain, 1971). The stronger
the IMF B, the stronger the magnetic reconnection at the dayside magnetopause and the stronger the nightside
convection electric fields. The stronger the electric fields, the deeper the penetration of the energetic particles. As
the particles are convected into higher and higher magnetic field regions, by conservation of the first and second
adiabatic invariants, the particles can gain kinetic energies up to ~300-500 keV.

A somewhat rare occasion is when the solar wind becomes sub-Alfvénic near Earth (Chané et al., 2012, 2015;
Fairfield et al., 2001; Gosling et al., 1982; Hajra & Tsurutani, 2022; Lugaz et al., 2016; C. W. Smith et al., 2001;
Usmanov et al., 2000, 2005; Zhou et al., 2000). Rather than magnetospheric compression, the magnetosphere
expands. Many of the above phenomena for magnetospheric compression will be reversed during a sub-Alfvénic
solar wind interval. Energetic magnetospheric particles will be de-energized in their perpendicular components.
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Plasma instabilities will be quenched. Particles will drift inward/toward the Earth instead of outward, etc. (see
Hajra & Tsurutani, 2022, for a statistical study on near-Earth sub-Alfvénic solar winds and their impacts).

Magnetic reconnection leads to cross tail dawn-to-dusk directed electric fields. These enhanced fields in the polar
cap region can promptly penetrate to the dayside equatorial ionosphere before polar Region-2 “shielding” builds
up (Tanaka & Hirao, 1973), and subsequently cause uplift of this equatorial plasma to substantially greater
heights. For example, 6 times higher oxygen ion (O") densities at ~850 km were detected during the 30 October
2003 magnetic storm (Tsurutani et al., 2012). The limit to the height depends on the intensity of the electric field
and its duration (e.g., Mannucci et al., 2005; Tsurutani et al., 2004, 2007, 2008). Low-altitude satellites will suffer
enhanced drag due to this uplift (e.g., Lakhina & Tsurutani, 2017; Tsurutani et al., 2007, 2022). Upper atmo-
spheric Joule heating is another powerful uplift mechanism in the high-latitude ionosphere (see Richmond &
Lu, 2000, and references therein).

In this paper, we will study the interplanetary causes of the April 2023 strong magnetic storm, and its magne-
tospheric and ionospheric effects. The purpose of the present work is to determine the geophysical effects as a
background for future studies dedicated to their possible societal impact.

2. Data and Methods

Geomagnetic storm onset, strength and variation are studied using the temporal variation of the geomagnetic
SYM-H index (Iyemori, 1990), considered an accurate proxy for equatorial ring current intensity (Dessler &
Parker, 1959; Sckopke, 1966). The 1-min resolution SYM-H index data are obtained from the World Data Center
for Geomagnetism, Kyoto, Japan (http://wdc.kugi.kyoto-u.ac.jp/). Auroral substorm activity is studied using the
SML index (1-min resolution) obtained from the SuperMAG project (https://supermag.jhuapl.edu/; Gjer-
loev, 2009, 2012; Newell & Gjerloev, 2011a, 2011b). A sharp decrease in SML leading to a negative bay
development is associated with the westward auroral electrojet current intensification during a substorm (Newell
& Gjerloev, 2011a).

The near-Earth solar wind/interplanetary conditions are studied using the solar wind plasma and IMF data (1-min
resolution) obtained from NASA's OMNIWeb database (https://omniweb.gsfc.nasa.gov/). These are observations
made by spacecraft located in the solar wind upstream of the Earth, the data of which are shifted in time to take
into account the propagation time of the solar wind from the upstream spacecraft to the Earth's bow shock nose.
The time shifting must be made in order to make a direct comparison of the solar wind variations with their
geomagnetic impacts. The IMF vector components are in the Geocentric Solar Magnetospheric (GSM) coordinate
system. This system has the x-axis directed toward the Sun, and the y-axis is in the Q X £/|Q X %|-direction, ¥ is
the unit vector along the x-axis, £2 is aligned with the magnetic south-pole axis of the Earth. The z-axis completes
aright-hand system. The information of the coronal mass ejection (CME) is obtained from the halo CME catalog
based on the observations made by the Large Angle and Spectrometric Coronagraph (LASCO) on board the Solar
and Heliospheric Observatory (SOHO) (https://cdaw.gsfc.nasa.gov/CME_list/halo/halo.html).

Potential interplanetary FF shocks (Kennel et al., 1985; Tsurutani et al., 1988) are identified from sharp and
simultaneous increases in the solar wind plasma speed Vy,,, proton density N, ram pressure Py, proton tem-
perature 7, and IMF magnitude B, Using the Abraham-Shrauner (1972) mixed-mode (plasma-IMF) technique
and the Rankine-Hugoniot conservation laws (Hugoniot, 1887, 1889; Rankine, 1870), we computed characteristic
parameters of the shocks, namely, the shock magnetosonic Mach number M,,,,, the shock speed V, (relative to the
upstream solar wind), and the shock normal angle 0y, with respect to the ambient IMF (detail description of the
method can be found in Hajra, 2021; Hajra & Tsurutani, 2018b; Hajra et al., 2016, 2020, 2023; E. J. Smith, 1985;
Tsurutani & Lin, 1985; Tsurutani, Lakhina, et al., 2011).

The variances of the IMF components are estimated at time intervals of 5, 15, and 45 min (using 1-min IMFs), and
nested variances are computed from the 45-min averages of the variances (Hajra et al., 2013, 2017; Tsurutani
et al., 1982; Tsurutani, Echer, et al., 2011). Solar wind wave activity is also explored using the Cluster-1 mea-
surements (Escoubet et al., 1997) obtained from the Cluster Science Archive of the European Space Agency
(ESA) (https://www.cosmos.esa.int/web/csa/access). The location of the Cluster spacecraft is inferred from the
Orbit Visualization Tool (OVT, http://ovt.irfu.se) that dynamically computes the expected locations of the bow
shock and magnetopause boundaries from propagated upstream solar wind conditions.
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The storm energy budget is studied by computing magnetospheric energy input and energy dissipation rates in the
inner magnetosphere-ionosphere system. As there is no direct measurement of magnetospheric energy transfer
available, the Perreault and Akasofu (1978) e-parameter (~V,, By’sin*(0/2)Rcg>) is used as a proxy measurement
of the magnetospheric energy input rate through the process of magnetic reconnection during southward IMFs. In
the e-expression, 0 is the IMF clock angle (between the geomagnetic field vector and the IMF vector in the
equatorial plane), and R is the magnetosphere scale size, which varies depending on the solar wind conditions
(Chapman & Ferraro, 1931; Monreal-MacMahon & Gonzalez, 1997; Shue & Chao, 2013). The solar wind energy
injected into the magnetosphere is dissipated into the inner magnetosphere in form of ring current (RC) energy, into
the auroral ionosphere as Joule heating (JH) and auroral zone energetic particle precipitation/auroral precipitation
(AP). The RC energy dissipation rate is empirically estimated as: dSYM-H*/dt + SYM-H*/z (Akasofu, 1981),
where SYM-H* is the solar wind pressure-corrected SYM-H index (Burton et al., 1975; Gonzalez et al., 1989; N. E.
Turner et al., 2001), and 7 is the average RC decay time, taken as 8 hr for the present study (Guo et al., 2011;
Yokoyama & Kamide, 1997). The JH rate is calculated according to: alPCl + bPC* + cISYM-HI 4+ dSYM-H?
(Knipp et al., 2004), where PC is the polar cap potential index, and a, b, c, and d are season-dependent constants.
The AP rate is calculated as: 10° X SME (adaptation of Akasofu, 1981). SME is the SuperMAG AE index. We have
also estimated the JH rates at four equally sized magnetic local time (MLT) sectors centered at 00:00 MLT, 06:00
MLT, 12:00 MLT, and 18:00 MLT. Here, 00:00 MLT corresponds to all MLTs from 21:00 MLT to 03:00 MLT,
with similar 6-hr intervals applying to the other time sectors. These MLT-dependent JH estimation is based on the
“partial” ring current indices or the symmetric ring current indices (SMR) partitioned by MLT, obtained from
SuperMAG. It may be noted that the above-mentioned empirical methods of energy budget study have been used
for geomagnetic storms of varying intensity, and driven by different interplanetary causes. To mention a few, N. E.
Turner et al. (2009), used these methods to study energy partitioning of 91 storms (driven by corotating interaction
regions) with Dst intensity of —50 to —156 nT, and 118 CME-driven storms of Dst between —51 and —489 nT; Guo
etal. (2011) compared the magnetospheric energy transfer for intense geomagnetic storms with Dst between —100
and —422 nT, driven by ICMEs and their sheaths using the above methods.

We explored the field-aligned currents (FACs; Cummings & Dessler, 1967; Zmuda et al., 1966) using the
northern hemispheric radial FAC measurements provided by the Active Magnetosphere and Planetary Electro-
dynamics Response Experiment (AMPERE; https://ampere.jhuapl.edu/). The FAC estimations are based on the
magnetic perturbations measured by 66 satellites of the Iridium telecommunication network in six polar orbital
planes at an altitude of 780 km (orbital period of 104 min) (Anderson et al., 2002, 2021; Waters et al., 2001, 2020).

The Earth's outer radiation belt is studied using the geosynchronous (L = 6.6) orbit ~76 keV to 2.9 MeV electron
fluxes, and the L*-shell variations of the >2.0 and >0.8 MeV electron fluxes (at ~88° pitch angles). Here L is a
dimensionless parameter representing the maximum radial extent, in Earth radius (Rg,), of a dipole geomagnetic
field (Mcllwain, 1961). L* or Roederer L-parameter is related to the third adiabatic invariant of the particle motion
in the geomagnetic field (Roederer, 1970). The geosynchronous orbit electron fluxes in several differential
channels between ~76 keV and ~2.9 MeV are obtained from GOES-18 (Geostationary Operational Environment
Satellite; https://www.ngdc.noaa.gov/stp/satellite/goes-r.html). The >0.8 and >2.0 MeV electron L*-shell vari-
ations are obtained from the Satellite Risk Prediction and Radiation Forecast (SaRIF) system (https://swe.ssa.esa.
int/web/guest/sarif-federated) made available by ESA. These represent “re-constructed” radiation belts based on
the observed near-Earth solar wind and geosynchronous orbit electron variations and geomagnetic conditions (see
Glauert et al., 2014; Horne et al., 2013, 2021, for details).

Ionospheric impacts of the geomagnetic storm are studied using the latitudinal variation of ionospheric plasma
density along the Swarm C satellite orbit, and the latitudinal variation of the altitude-integrated electron number
or ionospheric total electron content (TEC) measured by Swarm C. The Swarm C satellite is one of the three-
satellite Swarm constellation operated by ESA (Knudsen et al., 2017; Olsen et al., 2013). The Swarm satellites
are in circular orbit and Swarm C was at an inclination of ~87.4°. In April 2023, Swarm C orbited Earth at
~470 km altitude and has been at 05:00 and 17:00 local times (LTs). The Swarm data are obtained from the ESA
Swarm Data Access (https://swarm-diss.eo.esa.int).

3. Results

Figure 1h shows the temporal variation of the geomagnetic SYM-H index during 22-25 April 2023. Gradual
decrease of SYM-H from a value of ~0 nT at 09:00 universal time (UT) on 23 April marks the storm main phase
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Figure 1. Solar wind plasma and interplanetary magnetic field (IMF) during
the intense storm of April 2023. From top to bottom, the panels show:

(a) solar wind flow speed V, (black) and Alfvén wave speed V, (red),

(b) Alfvén Mach number My, (c) proton density N, (black, legend on the
left) and ram pressure P, (red, legend on the right), (d) proton temperature
T, (black, legend on the left) and plasma-f (red, legend on the right),

(e) electric field E, (f) IMF magnitude B, (black), B, (blue), B, (green) and
B, (red) components, (g) the calculated geocentric distances to the bow
shock rgg (red) and the magnetopause ry;p (black), (h) the geomagnetic
SYM-H index, (i) number of the substorm onsets (SS, gray histograms,
legend on the left) and the auroral SML index (red, legend on the right)
during 22-25 April. A vertical dashed line shows a fast-forward (FF)
interplanetary shock. The green bar at the top indicates an interplanetary
sheath. The red bar at the top and the vertical gray shading both indicate a
magnetic cloud (MC). The light-cyan shading inside the MC shows a sub-
Alfvénic solar wind interval with M, < 1. The horizontal dashed line in
panel (b) indicates M, = 1.

onset. The main phase is characterized by two major SYM-H peaks of
—179 nT at 21:59 UT on 23 April, and of —233 nT at 04:03 UT on 24 April.
Thus, this storm is classified as a classical double-peak intense storm (Kamide
et al., 1998; Tsurutani et al., 1988). The storm recovery began after the second
SYM-H peak, and SYM-H recovered to a “quiet” value of —41 nT at 22:44
UT on 24 April. The duration of the storm main phase is 19 hr and 3 min, and
that of the recovery phase is 18 hr and 41 min.

Auroral substorm activity during the geomagnetic storm is studied using the
SML index (Figure 1i). The substorm onsets based on the SML index are
shown by histograms. Multiple intense substorms with the SML peaks of
—1,311 nT (~11:21 UT), —1,213 nT (~16:46 UT), —1,406 nT (~17:48 UT),
—1,608 nT (~18:45 UT), —1,570 nT (~19:45 UT), —2,018 nT (~20:20 UT),
and —1,660 nT (~21:37 UT on 23 April) are recorded during the first-step
main phase development. The second and most intense SYM-H peak is
associated with an intense substorm with an SML peak of —2,760 nT (~03:54
UT on 24 April). The latter is defined as a supersubstorm (SSS, with SML
<—2,500 nT; Hajra et al., 2016; Tsurutani et al., 2015).

Figures la—1f show the solar wind/interplanetary conditions during the
geomagnetic storm. The solar wind data represents the interplanetary coun-
terpart of a CME or an ICME. The CME, estimated to have a mass of
~1.5 x 10'® g, a plasma kinetic energy of ~1.3 x 10* erg, was ejected at a
linear speed of ~1,284 km s~! from the Sun (source location: 22°S latitude,
11°W longitude) at ~18:12 UT on 21 April. This was associated with an M1.7
X-ray flare, which erupted at ~17:44 UT from the active region AR3282. The
following shock, sheath and ICME features leading to the geomagnetic ac-
tivities are described below.

The storm main phase onset at 09:00 UT on 23 April is preceded by a
southward turning of the IMF B, at ~07:54 UT (Figure 1f). This is followed
by an almost steady southward IMF/B, of ~11 nT. The vertical dashed line at
~17:41 UT on 23 April marks an interplanetary FF shock impingement onto
the magnetosphere. The shock is characterized by sharp and simultaneous
increases in the solar wind V., (~358 to ~495 km s™", Figure 1a), N, (~5.7t0
~16.7 cm™>, Figure 1c), P, (~1.2 to ~8.0 nPa, Figure Ic), T, (~1.7 X 10* to
~25.2 % 10* K, Figure 1d, black), and IMF B, (~10.3 to ~25.2 nT, Figure 1f).
The shock was encountered by the Wind spacecraft at ~16:58 UT on 23 April
at a geocentric distance of ~200 R, upstream Earth. The shock is computed
to have a magnetosonic Mach number M, of ~2.7. The shock moved at a
speed V,;, of ~247 km s~ (relative to the upstream solar wind) at an angle 6.,
of ~81° with respect to the ambient IMF (a quasi-perpendicular shock).

The (ram) pressure increase across the interplanetary shock is calculated to cause an earthward movement of the
bow shock nose from a pre-shock geocentric distance rgg of ~14.4 to ~8.3 Ry, following the shock/sheath
impingement (Figure 1g). The magnetopause moved earthward from a geocentric magnetopause distance ry;p of
~10.0 to ~7.2 R (Figure 1g). The bow shock and magnetopause locations are estimated by typical models, such

as Farris and Russell (1994) and Shue et al. (1998), respectively. The shock causes a simultaneous sharp rise in
SYM-H from —65 to —49 nT (Figure 1h) or a sudden impulse (SI*) amplitude of +16 nT, and the triggering of an
intense substorm with the SML peak of —1,406 nT (Figure 1i).

In the interplanetary sheath (marked by a green bar at the top of Figure 1) downstream of the shock, the plasma
and IMFs are strongly compressed up to ~01:17 UT on 24 April. The sheath is characterized by high V,, of
~752kms™', N, of ~30.3 cm™>, P, of ~19.5 nPa, and T, of ~31.0 X 10° K. While the IMF components were
highly fluctuating in amplitude and polarity, the IMF B, was strengthened up to ~25 nT at ~19:13 UT on 23 April.

This causes a strong interplanetary electric field E,,, of ~14 mV m™" (Figure le). The sheath B, caused the first
major storm main phase development characterized by a SYM-H peak intensity of —179 nT at 21:59 UT on 23
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- April (Figure 1h), and a large number of intense substorms (Figure 1i). The
E northward turning of IMF at ~21:03 UT (on 23 April) resulted in significant
§ reduction in substorm occurrences.

The interplanetary sheath is followed by a slowly decreasing V,

SwW?

and sharp

decreases in N,, Py, and T, and a sharp north-to-southward turning of IMF

B,. The rarefied (N, ~0.2-2.6 cm™>) and cold (T, ~1.5 x 10* K) plasma with
low p (~0.01) can be identified from ~01:17 UT up to ~22:11 UT on 24
April. During this interval, the IMF By, is slowly decreasing, and the IMF
components exhibit a slow and smooth rotation in polarity. This represents a

I ; ; flux rope MC (marked by a red bar at the top and a gray shading in Figure 1).
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The radial extent of the MC is estimated to be ~0.28 astronomical unit (AU).
It has a south-to-north magnetic component configuration, with a peak B, of
~33 nT at ~01:21 UT on 24 April. The IMF B is associated with an enhanced
E,, of ~21 mV m™". This B, through magnetic reconnection, led to the major

I T T second-step development of the storm main phase, SYM-H reaching —233 nT

/B3

2

10°
© 11;’: 1"’ N\ /\ m\p \W\Ww\

at 04:03 UT on 24 April (Figure 1h).

45 min 15 min
J\ Thus, the double-peak intense storm is caused by a combined effect of an

interplanetary sheath and an MC (however, it should be noted that not all

double-peak storms are caused by these two interplanetary structures; Meng

-6

§< 10— . o

et al., 2019). The storm recovery started with weakening of the IMF B, and

W -u, L SYM-H recovered to its quite-time value at the end of the MC at 22:44 UT on

¥ 24 April.

1 - e ‘% “““““ 3 Inside the MC, low N,, values are associated with high Alfvén wave intrinsic

22 23

April 2023 (UT)

Figure 2. Variations of the IMF during the intense storm of April 2023. From
top to bottom, the panels are: (a) the IMF B, (black) and B, (blue), B,
(green), and B, (red) components, (b—d) the normalized variances of B
and B,, and (e) M,. The markings for the interplanetary FF shock, sheath,
and MC are the same as in Figure 1.

speed V, (Figure 1a) and low Alfvén Mach number M, (Figure 1b). Near the
center of the MC, N,, sharply falls from a value of ~2.7 cm ™ at ~12:00 UT to
a minimum value of ~0.24 cm™ at ~14:09 UT on 24 April. This led to a
sharp rise in V, (to ~1,110 km s™' at ~14:08 UT), significantly higher than
Vew (~576 km s7h), from ~12:25 UT to ~14:33 UT on 24 April, when the
solar wind became sub-Alfvénic with M, < 1 (marked by a light-cyan
shading). The minimum M, is 0.5 at ~12:48 UT. During this ~2.1-hr long
sub-Alfvénic solar wind interval, T, exhibits an increase from ~1.9 x 10* to
~5.1 x 10* K, the bow shock presumably disappeared (the sub-Alfvénic solar
= 0.5 (not shown) during

x> ys

wind is sub-magnetosonic as well, with a minimum magnetosonic Mach number M,
the interval), and magnetopause is calculated to have moved sunward, from a geocentric distance of ~9.5 to
12.2 Ry, This interval corresponds to the recovery phase of the magnetic storm. The SYM-H peak was —120 nT,

! across the sub-Alfvénic interval, indicating that no significant

and it changed only at a rate of ~3.5 nT hr™
geomagnetic storm ring current enhancement was caused by the sub-Alfvénic wind (Figure 1h). These results are
consistent with those of Hajra and Tsurutani (2022). Interestingly, the sub-Alfvénic interval is associated with

disappearance of auroral substorms (Figure 11).

Figure 2 shows the normalized nested variances of the IMF components: 62/ B2, ayz./ BZ,and o?/ Bg. Asexpected, the
MC is characterized by significant decreases in the IMF variances compared to those during the sheath (e.g., Hajra
et al., 2022). A further local reduction in variances can be noted during the sub-Alfvénic interval (e.g., Hajra &
Tsurutani, 2022). Low variances indicate reductions in wave activity (up to the Nyquist frequency of the time series)
in the sub-Alfvénic solar wind (Hajra et al., 2013, 2017; Tsurutani et al., 1982; Tsurutani, Echer, et al., 2011).

Before and after the sub-Alfvénic wind interval, the Cluster-1 spacecraft was located in the magnetosheath, and it
remained located upstream of the magnetopause during the sub-Alfvénic wind interval, as suggested from OVT.
This was also confirmed by the plasma signatures seen in the Cluster's Waves of High Frequency and Sounder for
Probing of Electron Density by Relaxation experiment (WHISPER) instrument (not shown here). Note that the
existence of a proper magnetosheath region during the sub-Alfvénic wind interval is unlikely to occur. Figure 3b
shows the frequency—time spectrogram of magnetic field measured by the Cluster-1 spacecraft from 10:00 UT to
18:00 UT on 24 April. Red and yellow traces in the spectrogram around frequencies of 0.2 and 1 Hz indicate EMIC
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waves (typical frequencies of ~0.1-5 Hz) (Cornwall, 1965; Kennel & Pet-
schek, 1966) with amplitudes of ~0.1-0.5 nT. During the time interval when
M, < 1 (Figure 3a), the EMIC waves seem to disappear promptly. The power
of 0.1-10 Hz waves exhibits a sharp fall from a typical value of ~1-2 nT?
before the sub-Alfvénic interval to a value of ~0.2 nT? during the sub-Alf-

Frequency (Hz)

vénic interval (Figure 3c). It may be noted (from search-coil magnetometer
observation, not shown here) that higher-frequency (up to ~100 Hz) waves
are also significantly reduced in amplitude during the sub-Alfvénic interval.

The storm energy budget is analyzed in Figure 4. The IMF southward turning
at 07:54 UT on 23 April leads to magnetic reconnection resulting in solar

Wave Power (nT?)

01 !

Wave Amplitude (nT)

wind kinetic energy transfer to the magnetosphere. The e-parameter clearly
indicates energy transfer starting with the IMF southward turning (Figure 4d).
Strengthening of B, by the FF shock impingement at 17:41 UT on 23 April
caused an increase in the solar wind energy input rate with a ¢ peak value of

10:00 11:00

Figure 3. Spectrogram of the magnetic field measured by the Cluster-1
spacecraft during 10:00-18:00 UT on 24 April 2023. From top to bottom, the

T R ~76 x 10" W at ~19:37 UT on 23 April (Figure 4d). This corresponds to the

24 April 2023 (UT) first-step decrease of the storm main phase. Correspondingly, energy dissi-

pation rates in the magnetosphere-ionosphere system (RC, JH, and AP) are
found to increase coincident with this time (Figures 4e—4g).

panels are: (a) solar wind M, (b) frequency—time spectrogram, and (c) 0.1- Following the interplanetary sheath, a sharp southward turning of IMF and a

10 Hz wave power. The horizontal dashed line in panel (a) indicates M, = 1.
Color bar on the right of the panel (b) indicates the wave amplitude. Cyan bar
at the top indicates the sub-Alfvénic interval.

strong B, field during the MC lead to a sharp increase in £ up to ~173 x 10" W.
During the entire main phase of the storm (from 09:00 UT on 23 April to 04:03
UT on 24 April), the total reconnection energy input from the solar wind is
estimated to be ~215 x 10" J (Figure 4h), and only ~32% of this is dissipated into the inner magnetosphere-
ionosphere system in forms of JH (26%) and AP (3%) in the auroral ionosphere, and RC (3%) development in
the inner magnetosphere. In particular, the major part of the total dissipated energy (~69 x 10'° J) is accounted by
the JH dissipation (81%), while AP (11%) and RC (8%) contributions to the total dissipation energy are minor.
Presumably, the remainder of the solar wind reconnection energy is lost downtail. The sub-Alfvénic solar wind
interval is characterized by a sharp fall in JH dissipation (Figure 4e).

Figure 5 shows the JH rates at four equally sized MLT sectors centered at 00:00 MLT, 06:00 MLT, 12:00 MLT,
and 18:00 MLT. The temporal variations of the heating rates are found to be comparable during all four local time
sectors (Figure 5b). In addition, during the storm main phase, the dayside ionosphere JH rates at 06:00 MLT and
12:00 MLT sectors are highly correlated to the nightside ionosphere heating rates at 18:00 MLT and 00:00 MLT
sectors (Figures Sc and 5d).

In Figure 6, we explore the northern hemispheric Birkeland/FACs rooted in the polar ionospheric E-region during
different phases of the storm. These are shown as maps in Altitude Adjusted Corrected GeoMagnetic (AACGM)
latitude (K. Baker & Wing, 1989) and MLT coordinate system. Figure 6¢ corresponds to the storm main phase
onset. Signatures of weak upward Region-1 (around 70°-75° AACGM latitude) and downward Region-2 (around
65°-70° latitude) currents observed during noon to pre-midnight sector are associated with magnetic convection
initiated with the IMF southward turning.

Figure 6d corresponds to an intense substorm peak (SML = —2,018 nT) during the magnetic storm first main
phase development under strong IMF B,. The intense substorm-related DP1 (disturbance polar) currents can be
observed around the 00:00 MLT sector in a large region extending from ~60° to ~75° latitudes. In addition to this,
even stronger Region-1 currents extending up to ~80° latitude, and Region-2 currents extending up to ~60°
latitude, are observed in almost all MLT sectors. This global-scale current system, associated with fluctuations in
the magnetospheric plasma convection under strong sheath By, is called the DP2 current (Nishida, 1968). During
the storm main phase second peak under even stronger MC B,, both the DP1 and DP2 currents are found to be
stronger (Figure 6e).

Figures 6f—1g correspond to recovery phase of the magnetic storm, before and during sub-Alfvénic wind interval,
respectively. During the sub-Alfvénic wind interval, the disappearance of the DP1 current (Figure 6g) is asso-
ciated with disappearance of auroral substorms (Figure 1i). The overall DP2 current also decreased with
decreasing magnetospheric convection due to northward turning of IMF.

HAJRA ET AL.

7 of 18

858017 SUOUWIOD 3A 1110 8[cedldde 8Ly Aq pausienob afe sejole YO ‘8sn Jo seinJ 10} Ariq178ul|UO 3|1 UO (SUORIPLOD-pUe-SWB) LD A8 | 1M Afe.d)1|BuJUO//Sd1Y) SUORIPUOD pue Swe | 8L 88S *[5202/60/62] U0 A%iqi8uliuo A8|Im Aenins onoseiuy usiug Aq 986280 VI202/620T OT/I0p/w0o A3 1m Arelq1jeul|uo'sandnBe//sdny woiy pepeojumod ‘0T ‘v202 ‘20766912



MID
ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Space Physics 10.1029/2024JA032986

40 . = The Earth's outer radiation belt exhibited dramatic variations during the
—~ 204 (a) BO B L . . .
E = % . i L geomagnetic storm. Figure 7 shows the geosynchronous orbit ~76 keV to
c sy L [ ..
= —-20 IW q E 2.9 MeV electron fluxes (Figure 7a), and the L*-shell variations of the
=40 [ N ; [ : >2.0 MeV (Figure 7b) and >0.8 MeV (Figure 7c) electron fluxes (at ~88°
T |__108 ] L pitch angles). The solar wind V., V, (Figure 7d), IMFs (Figure 7¢), SYM-H
E E.00] (b) : /»w L (Figure 7f), and SML (Figure 7g), and the markings of the interplanetary
® — 0 " I T : I " structures (FF shock, sheath and MC) are repeated from Figure 1 for refer-
b T — e
_ 'E -1 [ ences. As can be seen from Figure 7a, the entire storm period is characterized
% "‘32 -2 _ () s _ by large fluctuations in ~76 keV to 1.5 MeV electron fluxes (2.0-2.9 MeV
— -3 I — - I electrons do not exhibit significant variations above their noise levels) at the
< 150 (d) Y E geosynchronous orbit. Electron injections (Figure 7a) are clearly correlated to
@ ‘:o 128 g ; "‘.,\“ a the substorm activity or the SML enhancements (Figure 7g). The FF shock
= o4 l —‘l I i impingement at ~17:41 UT on 23 April (vertical dashed line) is associated
g 30 ©) T L with prompt flux decreases. The L*-shell variations of the >0.8 and
E = 204 : g >2.0 MeV electrons (Figures 7b and 7c) show that the ~MeV electrons are
\\c—i 18 7] ) o lost in the outer radiation belts for L* = 3.5-5.5, and the fluxes are enhanced
g 4 [ 1 : I in the lower L* region (L* < 3.5) after the shock/sheath impingement. As the
] " L
& = 5 ®) I radiation belts were transported closer to the Earth, the risk of satellite
= 0 Fan ) 1 Ao charging for satellites in GPS type orbits, which cross the equator near L ~4.2,
= [ : | . | . decreased during the storm, but increased for those in lower orbits. Sub-
[®) ? 2 71(9) I Ny Alfvénic solar wind seems to have no significant impacts on the outer radi-
s 11 r ation belt MeV electrons.
T fronem t
>5 ] 82 h E £ [ : ! I Figure 8a shows the (geomagnetic) latitudinal variation of ionospheric plasma
) 5 10! 1(h) Ee Eyy, ] : density along the Swarm C satellite orbit, and Figure 8b shows the
uCJ :‘11090 1 Enp Erc g JI/ r (geomagnetic) latitudinal variation of TEC measured by Swarm C during 22—
22 2I3 2|4 2|5 26 25 April. They correspond to the 17:00 LT passes. Variations on 22 April up
April 2023 (UT) to about the middle of 23 April show the quiet-time structures. These are

Figure 4. Magnetosphere-ionosphere energy budget during the intense storm

characterized by equatorial ionization anomaly (EIA, with a density trough at
the magnetic equator and two plasma crests on both sides of the equator;

of April 2023. From top to bottom, the panels are: (a) IMF B, (black) and B, Appleton, 1946; Bailey et al., 1997; Hanson & Moffett, 1966). From ~00:00
component (red), (b) SYM-H, (¢) SML, (d) Akasofu-¢ parameter, (¢) Joule UT on 22 to 12:00 UT on 23 April (geomagnetic quiet), the minimum plasma
heating JH, (f) auroral precipitation AP, (g) ring current RC, (h) the density and the minimum TEC are recorded around the magnetic equator, and

integrated e-energy input E, (black), the integrated JH dissipation Eyy; (blue),
the integrated AP dissipation E,p (green), and the integrated RC energy
dissipation Eg (red). The vertical red and black solid lines indicate the

the maxima are observed around +15° magnetic latitudes. The crest-to-trough
ratio is ~3 for plasma density, and ~1.5 for TEC. However, during the

storm main phase onset and termination, respectively. The markings for the magnetic storm main phase, the anomaly structure is significantly modified,
interplanetary FF shock, sheath, and MC are the same as in Figure 1. with overall enhancements in the plasma density and TEC. For example, at

~22:01 UT on 23 April, the northern crest of the plasma density (TEC) of
~3.5 x 10° em™> (~100 TECU) is observed at ~20° (~25°) latitude, and the southern crest with the plasma
density (TEC) of ~3.0 X 10% cm ™3 (~90 TECU) is observed at —20° (—25°) latitude (TEC is expressed in the TEC
unit/TECU, where 1 TECU = 10'® electrons m™2). The anomaly trough with plasma density (TEC) of
~0.7 x 10° cm™ (40 TECU) is observed around the magnetic equator. The crest-to-trough ratio in plasma density
(TEC) is ~5-5.7 (~2.3-2.8) during the storm main phase. In general, around the anomaly crests, the storm main
phase plasma density exhibits a ~60% increase and TEC exhibits a ~80% increase, and their crest-to-crest lat-
itudinal extents increased by ~33% and ~67% compared to their quiet-time values, respectively. These storm-
time changes in ionospheric plasma density and TEC structures are most probably due to the prompt pene-
trating electric field (PPEF; Tsurutani et al., 2004, 2008).

4. Summary and Discussion

Major findings of this study on the 23-24 April 2023 intense geomagnetic storm are summarized and discussed
below.

1. The double-peak intense geomagnetic storm is caused by an interplanetary sheath-MC interaction. The sheath
IMF B of ~25 nT and the MC By of ~33 nT lead to two SYM-H peaks of —179 and —233 nT, respectively.
Hajra and Tsurutani (2018a) showed that the strongest storm of the last solar cycle (24, 2008-2019) occurring
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Figure 5. Ionospheric JH during the intense storm of April 2023. Temporal variations of (a) SYM-H, (b) the overall JH rate
(black) and the JH rates at 00:00 MLT (blue), 06:00 MLT (green), 12:00 MLT (orange), and 18:00 MLT (red) time sectors;
variations of the nightside JH at 00:00 MLT and 18:00 MLT sectors with (c) the dayside JH at 06:00 MLT, and (d) the
dayside JH at 12:00 MLT, during the storm main phase. The corresponding linear regression coefficients (#) are mentioned in

the

panels. Diagonal (dashed) lines are added to indicate equal values.

on 17-18 March 2015 exhibited a three-peak SYM-H main phase. While the first SYM-H peak of ~101 nT was
associated with a sheath B, the second and third SYM-H peaks of —177 and —234 nT, respectively, were
caused by the MC B fields. A similar mechanism was suggested for another three-peak geomagnetic storm
(with SYM-H peaks of =31, -93, and —146 nT) occurring on 7-8 September 2017 (Hajra et al., 2020). The
recent superstorm of 10—-11 May 2024, which is the second largest geomagnetic storm (after the March 1989
SYM-H = —720 nT storm) in the space age, was characterized by three SYM-H peaks of —183, —354, and
—518 nT. Hajra et al. (2024) showed that the first phase was caused by a FF shock and a sheath B of ~40 nT.
The cause of the second phase was a deepening of the sheath B, to ~43 nT. A magnetosonic wave compressed
the sheath to a B, of ~48 nT causing the third and most intense storm main phase. It may be mentioned that
67% of all intense storms (with Dst <—100 nT) occurring between 1957 and 1991 (Kamide et al., 1998), and
49% of all intense storms occurring between 1996 and 2006 (Zhang et al., 2008) are reported to be charac-
terized by double-peak main phases. Kamide et al. (1998) suggested the roles of two distinct processes in
developing double-peak geomagnetic storms, namely, (a) the magnetic reconnection-driven magnetospheric
convection (Burton et al., 1975; McPherron, 1997) causing the first ring current enhancement, followed by (b)
a substorm-related ring current ion accumulation (Daglis, 1997; Yue et al., 2011, 2016) during the second main
phase development. Tsurutani et al. (1988) suggested that the two-stage intense storm developments are
mainly associated with a combined effect of interplanetary sheath and driver gas (or MC) fields. This is
consistent with the present result. However, Meng et al. (2019) suggested that superstorms (Dst < —250 nT)
with two or more Dst/SYM-H peaks may be caused by either the combined effects of the sheath B and the MC
B, or by two MCs or by a single MC with double dip B, amplitudes.

. While the geomagnetic storm first-step main phase is associated with multiple intense substorms (SML in-

tensity of —1,000 to —2,000 nT), only one SSS (SML peak = -2,760 nT) occurred during the second and
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Figure 6. Radial FACs during the intense storm of April 2023. Temporal variations of (a) IMF B, (black) and B, (red),
(b) SYM-H (black, legend on the left) and SML (red, legend on the right) indices; average radial current density for northern
hemisphere plotted in AACGM and MLT coordinates during 10-min time intervals around (c) the geomagnetic storm onset,

()

the first main phase development, (e) the second main phase SYM-H peak, (f) the recovery phase, and (g) the sub-

Alfvénic wind interval during the storm recovery. The 10-min time intervals are marked by vertical gray shadings and
corresponding bottom panel numbers. Red and blue in the current density panels identify upward and downward currents,
respectively. The light-cyan shading shows the sub-Alfvénic solar wind interval.

strongest storm main phase peak. In other words, the storm second main phase development and the SSS are
essentially the same. Despirak et al. (2024) reported that these substorm activities were associated with strong
(~12-46 A) geomagnetically induced currents (GICs) in the north-west Russia and south Finland regions.
Tsurutani and Hajra (2023) reported several cases where an SSS is the only substorm that occurs during a
magnetic storm. As proposed by Hajra et al. (2020), the O* ions injected during the SSS event (Daglis, 1997;
Yue et al., 2011, 2016) may be part of the energy source of the second main phase ring current development.

. The geomagnetic storm peak is characterized by a peak solar wind energy input rate of ~1.7 x 10'* W due to

magnetic reconnection under strong IMF B.. A total of ~21.5 x 10'® J solar wind energy is injected into the
magnetosphere during the storm main phase. In the absence of direct measurements of solar wind-
magnetosphere-ionosphere energy coupling, empirical estimations are used to understand the geomagnetic
storm energy budget (see, Guo et al., 2011, 2012; Hajra et al., 2014, 2009; Tsurutani & Hajra, 2023; N. E.
Turner et al., 2006; Vichare et al., 2005, and references therein). Thus, the energy values presented here
possibly have uncertainties; however, relative values (percentages) might be useful for comparison. During the
storm main phase, only ~32% of the total solar wind reconnection energy transferred to the magnetosphere is
found to be dissipated in the inner magnetosphere-ionosphere system. One surprising result is that major part
of total dissipation energy (~6.9 X 10'6 1) goes to Joule heating (81%), while ring current energy (8%) is
significantly less during this intense storm main phase. This result is in clear opposition to earlier results that
ICME-driven intense storms dissipate more of the transferred energy in the ring current (e.g., Monreal-
MacMahon & Gonzalez, 1997; Vichare et al., 2005), while Joule heating dissipation dominates during the
substorm events (e.g., Hajra et al., 2014; Tanskanen et al., 2002; Tenfjord & @stgaard, 2013; @stgaard
etal., 2002). In particular, Monreal-MacMahon and Gonzalez (1997) reported that ring current (Joule heating)
injection, on average, accounts for ~49% (~12%) of the solar wind energy input during the main phases of
ICME-driven superstorms (Dst < —240 nT). According to Vichare et al. (2005), on average, ring current
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Figure 7. The Earth's outer radiation belt during the intense storm of April
2023. From top to bottom, panels are: (a) differential ~76 keV to 2.9 MeV
electron fluxes (given in electron flux unit (efuy/em™ s7! st at
geosynchronous orbit; L*-shell variations of (b) > 2.0 MeV electron flux at
~88° pitch angle, and (c) >0.8 MeV electron flux at ~88° pitch angle;
variations of (d) V,, (black) and V, (red), (e) IMF magnitude B, (black), B,
(blue), B, (green) and B, (red) components, (f) SYM-H index, and (g) SML
index during 22-25 April 2023. The color bars at the right (in panels (b) and
(c)) show fluxes of the MeV electrons. The markings for the interplanetary
FF shock, sheath, and MC are the same as in Figure 1. The sub-Alfvénic
interval is marked by a light-gray shading bounded by two solid vertical
lines.

4.

dissipation and Joule heating account for ~72% and ~19% of the total
magnetospheric energy dissipation, respectively. Lower ring current in-
jection and higher Joule heating observed during the present intense storm
main phase might be due to the occurrence of multiple intense substorms
in the first-step main phase development and an SSS during the second-
step main phase development. Tsurutani and Hajra (2023) found that
during the SSS events, the major part of the solar wind input energy is
dissipated into Joule heating (~30%), with substantially less energy
dissipation in auroral precipitation (~3%) and ring current energy (~2%).
These numbers are consistent with the present results.

Joule heating is found to be equally distributed in all local time sectors
during the intense geomagnetic storm. Tsurutani and Hajra (2023) recently
reported that during the SSS events, the dayside Joule heating was com-
parable to the nightside Joule heating, giving a picture of an isotropic
global energy dissipation in the magnetospheric/ionospheric system. This
recent finding indicates the possibility that Joule heating in general is a
global phenomenon for strong geomagnetic disturbances bringing back the
Axford and Hines (1961) viscous interaction picture. Nishida (1968)
argued for a global-scale current system associated with fluctuations in the
magnetospheric plasma convection. This DP2 current is different from the
substorm-related DP1 current system. We observed strong DP2 currents
during the storm main phase, consistent with global Joule heating
distribution.

. The geomagnetic storm main phase is characterized by ~76 keV to 1.5 MeV

electron injections at the geosynchronous orbit, correlated to the substorm
SML enhancements. This result corroborates with Hajra et al. (2023),
reporting ~100 eV to 100 s keV electron injections in the magnetotail
during the SSS events. Based on the ESA/SaRIF reconstructed L*-shell
variations of the ~MeV electrons, the FF shock impingement led to ~MeV
electron flux losses in the outer radiation belt for L* = 3.5-5.5., and fluxes
are enhanced in the lower L* region (L* < 3.5). Hajra and Tsurutani (2018a)
reported decreases in the geosynchronous orbit >0.8 and >2.0 MeV elec-
tron fluxes during the geomagnetic storm main phase, starting with the
shock impingement. Compression of dayside magnetospheric magnetic
fields by the FF shock makes them blunter than a normal dipole configu-
ration. In fact, Dmitriev (2024) observed a long-lasting magnetosheath
interval at the geosynchronous orbit, implying that the magnetopause was
contracted below the geosynchronous orbit right after the FF shock arrival.
As aresult, energetic electrons gradient drifting from the midnight to dawn
sector will drift toward the dayside magnetopause boundary and be lost to
the magnetosheath. This process, called magnetopause shadowing, may

lead to the electron losses on open drift paths (Hietala et al., 2014; Hudson et al., 2014; Kim et al., 2008; Li
etal., 1997; Ohtani et al., 2009; Westetal., 1972, 1981). Another possibility is the loss due to relativistic electron
interaction with EMIC waves (Horne & Thorne, 1998; Meredith et al., 2006; Summers et al., 1998; Thorne &
Kennel, 1971; Tsurutani et al., 2016). Solar wind ram pressure enhancement can excite EMIC waves in the
dayside magnetosphere, and the cyclotron resonant interactions of the relativistic electrons with EMIC waves is
shown to be a possible loss mechanism for these particles to the ionosphere (e.g., Remya et al., 2015; Tsurutani
et al., 2016). Both these processes can be present during this case.

. The solar wind plasma rarefaction during the MC led to a sub-Alfvénic interval at the center of the MC. Chen

etal. (2024) reported satellite observations of the Earth's magnetosphere interaction with this sub-Alfvénic solar
wind. Based on a statistical survey, Hajra and Tsurutani (2022) suggested that Earth may encounter one sub-
Alfvénic solar wind event every 2 years, and that the majority (83%) of the events are caused by superradial
expansions of the outwardly propagating MCs, which is consistent with the present observation. The sub-
Alfvénic solar wind did not cause any significant ring current variations. However, the sub-Alfvénic interval
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during the sub-Alfvénic solar wind is due to both betatron de-acceleration
of energetic magnetospheric protons and the absence of any new aniso-
tropic source protons.

7. During the geomagnetic storm main phase, the ionospheric plasma

anomaly structure became more extended in latitude, and stronger in

IMF (nT)

amplitude, with a ~60% increase in the plasma density (at ~470 km) and a
~80% increase in TEC, and ~33% and ~67% increases in their latitudinal
extents, respectively, compared to their quiet-time values. The ionospheric
plasma density and TEC variations are contributed by physical processes

[ like plasma production, transport and loss (e.g., Hanson & Moftett, 1966).

SYM-H (nT)

(e)

Plasma production from neutral particles through photo-ionization, and
/»""“fw I loss through chemical reactions among ions, electrons and neutral particles
are dependent on ionospheric composition. The transport is controlled by
B equatorial electric field through the process of “fountain effect,” that is, an

Figure 8. Ionospheric variations during the intense storm of April 2023.
From top to bottom, panels are: (a) latitudinal distribution of ionospheric
plasma density, (b) latitudinal variation of ionospheric TEC (given in TECU,
1 TECU = 10'° electrons m™2), (c) V.., (black) and V, (red), (d) IMF B,

23

25 26 upward drift of the plasma over magnetic equator followed by diffusion

24
April 2023 (UT) along the geomagnetic field lines on both sides of the magnetic equator

(Duncan, 1959; Martyn, 1955). Inter-hemispheric plasma flow by atmo-
spheric wind circulation may introduce significant hemispheric asymme-
try in the plasma anomaly structure (Bailey et al., 1997; Hanson &
Moffett, 1966). A detailed study on these various processes is beyond

(black), B, (blue), B, (green) and B, (red) components, and () the SYM-H scope of this work. It has been shown that during a storm main phase, a
index during 22-25 April. The color bars at the right (in panels (a) and (b)) PPEF reaches the equatorial F-region ionosphere during both daytime and
show plasma density and TEC values, respectively. They correspond to the nighttime (Mannucci et al., 2005; Tsurutani et al., 2004, 2007, 2008). On

17:00 LT passes. The markings for the interplanetary FF shock, sheath, and
MC are the same as in Figure 1. The sub-Alfvénic interval is marked by a
light-gray shading bounded by two solid vertical lines.

the other hand, this electric field is superposed on top of the diurnal electric
field described above, and causes what is called the “dayside superfountain
effect.” The F-region ionospheric plasma can reach heights of ~1,000 km
or more (e.g., Tsurutani et al., 2004) and because of the E X B convection
of the plasma, the ionospheric anomalies reach higher magnetic latitudes. During the 30-31 October 2003
Halloween superstorm, the anomalies reached ~+30° magnetic latitude (instead of the usual ~10° MLAT).
The TEC within the ionospheric anomalies reached ~6 times the normal values (Mannucci et al., 2005). What
is the cause of the dayside ionospheric TEC enhancement? When the F-region plasma is lifted to higher al-
titudes, the recombination rate there is much lower than at lower altitudes. Therefore, the recombination of
ions back into neutrals is substantially decreased. Meanwhile solar photons are creating new ionospheric
plasma at lower altitudes replacing the plasma that has been uplifted, increasing TEC. The uplift of energetic
O ions can cause substantial satellite drag. For magnetic storms such as the Carrington magnetic storm, this
could be catastrophic for low-altitude satellites (Tsurutani et al., 2012). There is an even worse scenario. For
such extreme magnetic storm PPEFs, it is possible that ion-neutral drag will cause the uplift of substantial
neutral O atoms as well (Lakhina & Tsurutani, 2017). We encourage modelers to attempt to evaluate how
much satellite drag could occur during a Carrington-like event.

5. Concluding Remarks

The 23-24 April 2023 double-peak geomagnetic storm was associated with two strong IMF southward com-
ponents provided by an interplanetary sheath followed by a MC. In addition, ion injection during several intense
substorms and an SSS seem to largely contribute to the geomagnetic storm energetics. Equal amount of
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ionospheric Joule heating during dayside and nightside of the ionosphere advocates for a global-scale DP2 current
system during the intense storm main phase. Loss of relativistic electrons from the outer radiation belt by the FF
shock/sheath impact is consistent with earlier results. Enhancement of ionospheric plasma densities around the
anomaly crests and latitudinal expansion of the equatorial ionospheric anomaly structures support the strength-
ening of equatorial fountain effect by prompt penetration of magnetospheric convection electric fields during
storm main phase. This magnetic storm is certainly a classical one because it exhibits all of the major magne-
tospheric and ionospheric space weather effects known at this time. There may be many deleterious effects for
humanity from this complex magnetic storm. We hope we have provided the plasma physics background for
future reporting of these effects.
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Data Availability Statement

Geomagnetic SYM-H indices are obtained from the World Data Center for Geomagnetism, Kyoto, Japan (http://
wdc.kugi.kyoto-u.ac.jp/). The SYM-H indices can be freely downloaded from “Plot and data output of ASY/SYM
and AE indices” (https://wdc.kugi.kyoto-u.ac.jp/acasy/index.html) by specifying start time (UT) and duration. The
SML indices are obtained from the SuperMAG website (https://supermag.jhuapl.edu/). The SML indices can be
freely downloaded from the Indices (https://supermag.jhuapl.edu/indices/) by specifying the index, time, and
duration. The solar wind plasma and IMF data are obtained from NASA's OMNIWeb (https://omniweb.gsfc.nasa.
gov/). The CME information is obtained from the NASA's SOHO/LASCO CME catalog (https://cdaw.gsfc.nasa.
gov/CME _list/halo/halo.html). The Cluster wave data are obtained from ESA/CSA (https://www.cosmos.esa.int/
web/csa/access). Using the Cluster quicklook plots link (http://www.cluster.rl.ac.uk/csdsweb-cgi/csdsweb_pick)
the plots can be viewed and downloaded by specifying the time period. The polar region FACs are obtained from
AMPERE (https://ampere.jhuapl.edu/). The AMPERE Data Browsing and Plotting Tool (https://ampere.jhuapl.
edu/browse/) can be used to view and download specific plots by specifying time period. The ~76 keV to
~2.9 MeV electron fluxes are obtained from the GOES-18 satellite (https://www.ngdc.noaa.gov/stp/satellite/goes-
r.html). Specific GOES-18 data used in this work are freely available at the Directory: https://data.ngdc.noaa.gov/
>0.8 and
>2.0 MeV electron L*-shell variations are obtained from the ESA's SaRIF system (https://swe.ssa.esa.int/web/

platforms/solar-space-observing-satellites/goes/goes18/12/data/mpsh-12-avg1m/2023/04/.  The

guest/sarif-federated). Researchers are required to create a free account to view and download SaRIF plots by
specifying time through this site. The Swarm plasma density and TEC data are obtained from the Swarm Data
Access (https://swarm-diss.eo.esa.int). Available Swaem Level 2 long-term data are used for this work.
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