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Abstract

This thesis aims to quantitatively analyse the effects of solar wind-magnetosphere-
ionosphere (SW-M-I) coupling on the near-Earth space environment and enhance the
current understanding of both large and small-scale coupling processes and mechanisms in
the SW-M-I system during extreme transient events of supersubstorm and geomagnetic
storms. At the first, robust quantitative analyses with regard to the SW-M-I coupling during
all the three supersubstorm events (i.e. May 2011, March 2012, and September 2017) of
solar cycle 24 are carried out. The observations from the L1-point and network of
magnetometer and radars are included in comparative assessments and investigations of
different coupling functions and the most significant parameters known to define the SW-
M-I coupling. The in situ observations from the MMS, Cluster, and THEMIS missions are
additionally used to investigate the ion and electron scale coupling during the geomagnetic
storm of 31 December 2015.

The thesis consists of six chapters, out of which the first chapter gives the introduction,
motivation, and aim of the thesis, and the second chapter gives the details of the observations
and methodology. Chapters three, four, and five provide details of results obtained under
three aimed objectives. The sixth chapter provides a summary and future directions. Overall,

the thesis work has led to three publications in peer-reviewed international journals.

The main results showcase the quantification of the solar wind drivers, energy sources,
and sinks in the magnetosphere-ionosphere system during both short and long periods, along
with the percentage share of the major energy sinks in the magnetosphere-ionosphere system
during the growth and recovery phases during supersubstorms, and intriguing trends of
substorms of different intensities. The major results of another study on the latitude-
dependent H and D-component responses during the Storm Sudden Commencement (SSC)
and the latitude-dependent anomalies and similarities during the main phases, indicate the
complex interplay of different spatially and temporally varying current systems in the
magnetosphere-ionosphere system. The investigations on the kinetic scale coupling bring
about a few very interesting results regarding the carriers of the field-aligned currents and
different ideal and non-ideal terms of the total electric fields. The in situ observations of
different plasma and field parameters at the magnetopause and magnetotail have provided a
broad overview of the multi-scale dynamics of the two reconnection regions in near-earth

space.
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on the right show a mosaic prepared using SDO observations of the sun in X-ray during
1996-2020, displaying solar cycles 23 and 24.
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dimmer corona) on board solar and Heliospheric Observatory (SOHO) mission. [Credit:
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SLOW, Forward, and Reverse shock waves (Figure adapted from Owens and Forsyth
(2013).
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represent the current vectors perpendicular to the respective facet of the tetrahedral (see
Dunlop et al. 2002, for details).

2.5 Map of the locations of 45 magnetometer stations from the INTERMAGNET network
that are used in this thesis

3.1 A comparative distribution of occurrence of supersubstorms of solar cycle 24 is given
against the average occurrence during solar cycles 21, 22 and 23.

3.2 Presence of different solar wind structures is shown for the supersubstorms of solar cycle
24 in the first 3 columnar panels from left (panels a, d and g). The corresponding
variations in the SYM-H (panels b, e and h) and the SML (panels c,f and i) indices for a
duration of 4 days are given in the middle and bottom rows. Vertical dashed lines mark
the start (Ts) and end (Te) of a supersubstorm. The rightmost columnar panel (j) shows
the mean distribution of presence of different solar wind structures during 17
supersubstorms of solar cycle 23. The acronyms are referred to in text description in
section 2.1 following Yermolaev et al. (2009).

3.3 The top three panels in each column give variations in the solar wind plasma parameters
the IMF-Bz (Bz), speed (V) and pressure (P), and the bottom three panels give the AE,
SYM-H, and SML indices, respectively. Columns from left to right show results for
2011, 2012, and 2017 events, respectively. A vertical dotted line in right two columns
shows the time of the sudden commencement. The supersubstorm durations are shaded
in yellow colour.

3.4 Panels from top in all columns give variations in the IMF-By/Bz and IEF-Ey/Er (solar
wind); R and dfi% (solar wind-magnetosphere coupling); PCPD, PCI and FAC

(magnetosphere-ionosphere coupling) and, the SML indices respectively. The columnar
panels are arranged respectively for 2011, 2012, and 2017 events. Vertical dashed lines
show the time of occurrence of SSC for the 2012 and 2017 events and yellow shades
represent the supersubstorm durations, in respective years.

3.5 The variations in the estimated power terms are given in 6 top panels, respectively in
columnar panels from left to right for the 2011, 2012, and 2017 events. Panels from the
top to bottom respectively give the available solar wind power (Us,,) (a, h, and 0); the
magnetospheric input power (¢) (b, i, and p); power through the ring current (U,) (c, j,

and q); the Joule heating (U;)(d, k, and r) and the auroral particle precipitation sink (U, )(
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e, |, and s); total dissipated power (U,) (f, m, and t); the SML index (g, n and u). The
vertical yellow shades show the supersubstorm durations.

3.6 The respective power terms shown in Figure 5 are integrated for different intervals and
given in panels from top i.e. supersubstorm (SSS) period, 4 days, 1 month, 6 months and
1 year, respectively, till bottom. The energy curves are given in different colours
provided in a legend at the top. The columnar panels represent different time intervals
selected from years 2011, 2012 and 2017, respectively. The vertical yellow shades show
the supersubstorm durations in top three rows of panels.

3.7 Top two panels (a) show pie-chart distribution depicting the percentage share of
different energy sinks during the expansion phase and recovery phase of the
supersubstorms. Pie-charts from left to right respectively show the results for
supersubstorm events of 2011, 2012, and 2017 (SSS1 and SSS2). Bottom panel (b) gives
a bar-chart for the average energy dissipation during the four supersubstorms through
the three major sinks and other minor sinks. Legend in the bottom panel gives respective
colours used to represent different sinks.

3.8 Comparative energetics of the four supersubstorms of 2011 (orange), 2012 (yellow),
‘2017-SSS1’ (violet), and ‘2017-SSS2’ (green) to an average Akasofu-type substorm
(blue) and an average moderate geomagnetic storm (red) is given in panels (a-e). The
comparison is provided in terms of (a) available solar wind energy (b) input energy and
sink-energy (c) input efficiency (d) coupling efficiency, and (e) energy distribution of
the major energy sinks.

3.9 The abscissa gives SML index in all panels. Panels a-g respectively show scatter plots
of available solar wind energy (Es,,), magnetospheric input energy (Ee), total energy
sink (Et), Joule heating sink (E;), auroral precipitation sink (Ea) and ring current sink
(Er). Panels i-k in the bottom row show respectively show the efficiencies el, e2 and e3.
First 3 columnar panels from left show a linear least square fit to the scatter points and
fourth columnar panel in each row (i.e. d, h and I) shows the slope of the fit-lines from

the first 3 panels.

4.1 Map of the locations of 45 magnetometer stations that are used in the present study. The
full name and code of the respective stations as provided by the INTERMAGNET
website are given aside from the triangle marker. A list of all the stations is provided as

a table in the supporting information (SI-1)
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4.2 Variations in the interplanetary parameters for four days of duration covering the
supersubstorm events are given in the top four rows, and the bottom three rows give the
variations in the SYM-H, AE, and SML indices, respectively. Columns from left to right
show results for the 2011, 2012, and 2017 events, respectively. A vertical dotted line
shows the SSC during the events of 2012 and 2017 and the durations of the
supersubstorms are highlighted by brown shaded boxes in the respective panels.

4.3 Variations in the H-component at the time of SSC are shown from a group of stations
from the northern hemisphere (NH) and southern hemisphere (SH), respectively in the
left two and right two columnar panels for the events of 2012 (panels a to f) and 2017
(panels from g to I). Panels from the top in each column correspond to a co-latitude
range of 0°-45° 45°-65° 65°90° respectively. Each curve corresponds to the
observations from a station whose code name with geomagnetic latitude is given in the
legends. Legends for stations from the NH (SH) are shown on the left (right). The
vertical dotted line in each columnar panel shows the time of the SSC.

4.4 Variations in the D-component at the time of SSC are shown from a group of stations
from the northern hemisphere (NH) and southern hemisphere (SH), respectively in the
left two and right two columnar panels for the events of 2012 (panels a to f) and 2017
(panels from g to I). Panels from the top in each column correspond to a latitude range
of 0°-45°, 45°-65°, 65°-90°, respectively. Each curve corresponds to the observations
from a station whose code name with geomagnetic latitude is given in the legends.
Legends for stations from the NH (SH) are shown on the left (right). The vertical dotted
line in each columnar panel shows the time of the SSC.

4.5 The H-component variations as observed from the latitude band of 70°-90° for the
northern and southern hemispheres are respectively shown in the upper and lower rows.
Each panel begins with a quiet day followed by 2 days of variations covering each of
the supersubstorm events, respectively for 2011, 2012, and 2017 from left to right
columnar panels. The code name and geomagnetic latitude of each station are given on
the rightmost side. The observation from a station DMC for the 2011 and 2012 events
is not available. Different colors of the curves are used to indicate the difference in
patterns of the variations.

4.6 The H-component variations from the latitude band of 15°-70° from the northern (top
six rows) and southern (bottom four rows) hemispheres are given including observations
on a quiet day (yellow shaded box at the beginning of each column). The columnar
panels give results for the events of 2011, 2012, and 2017 respectively from left to right,
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wherein the respective supersubstorm durations are shaded by vertical brown boxes. The
geomagnetic latitudes of the respective magnetometer stations are given on the
rightmost side of each row. The sudden reversals in the H-component variations are
depicted by brown curves in different panels and a black arrow in each panel represents
local noon.

4.7 The variations in H-component as observed over the co-latitudes between 0o to 150
from the northern (top five rows) and southern (bottom four rows) hemispheres,
respectively, beginning with the variations on a quiet day (shaded by yellow boxes) for
each event are given. All panels are plotted against UT, whereas, the axis tick marks in
each panel correspond to local midnight and local noon with a black arrow depicting the
local noon time at the respective station. The tick marks given on the bottom abscissa
depict 0000 UT and 1200 UT for reference to all the panels. Blank panels represent an
absence of the observations from Dalat and Saint Helena stations in the corresponding
rows during the May 2011 and March 2012 events.

4.8 Observations of the D-component from a particular station are given in each row
respectively in the columnar panels for the events of 2011, 2012, and 2017 from left to
right. The vertical arrangement of panels is made to display the variations from pole-to-
pole following a notation for hemispheres given on the left. The station code names
with geomagnetic latitudes are given at the right of each row. The curves in red, blue,
and violet respectively refer to the high latitude, the sub-auroral/mid-latitude, and, the
low-latitude stations. All panels are plotted against UT, whereas, the axis tick marks in
each panel correspond to local midnight and local noon with a black arrow depicting the
local noon time at the respective station. The tick marks given on the bottom abscissa
depict 0000 UT and 1200 UT for reference to all the panels.

4.9 The maximum and minimum dB/dt values as observed over 44 magnetometer stations
are given according to the geomagnetic latitude of the stations. The peak values
corresponding to the supersubstorm event of 2011, 2012, and 2017 are given by red,
blue, and green markers, respectively.

4.10The variations in the dB/dt for four days surrounding the supersubstorm period are
given in columnar panels from left to right, respectively for the 2011, 2012, and 2017
events. The top three rows show variations from the northern hemisphere and the bottom
two rows from the southern hemisphere for the respective stations.

4.11Panels (a) and (b) receptively give the variations in the SML and SYM-H indices during
21-24 January 2005. Brown-shaded regions in these panels highlight observations on 21
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January 2005 which are blown-out in panel (c), which gives the variations in H-
component as observed by 29 stations from the northern and southern hemispheres. The
station code with geomagnetic latitude for each curve in panel (c) is given on the right
side and two heavy red curves depict the poleward beginning of the phase reversal in
the H-component variations.

4.12The latitudinal and longitudinal extensions of the DP2 current system as observed by
SuperDARN radars during the 2011 event are presented. The variations in the DP2 just
before the start of the expansion phase are given in the left panels and at the peak of the
main phase in the right panels respectively, for the northern (upper panels) and southern
(lower panels) hemispheres. Various label and notations have their usual meanings

according to Cousins et al. (2013).

5.1 (a) Orbits of the MMS-1, Cluster-4, THEMIS-C, and THEMIS-A are shown for a month
from 5 December 2015 to 5 January 2016 as given in the legend. The arcs of the orbits
during the storm from 23:00 UT on 31 December 2015 to 13:00 UT on 1 January 2016
are highlighted by thick lines. Earth (black sphere) is located at the center of the GSE
reference frame. The Sun is located towards positive abscissa as indicated by an arrow.
The respective meeting with the magnetopause crossing of the MMS-1 is given in (b)
and (c) and of the Cluster in (d). The orbital locations of THEMIS-A in the PSBL in the
magnetotail are given in (e). Two black parabolic curves in panels (b-e) show the
location of the bow-shock and magnetopause which cross the equatorial plane.

5.2 Panels (a), (b), (c), (g), (h), (i), and (j) show variations in the solar wind plasma
parameters IMF-Bz, speed (V), temperature (T), electric field (E), magnetic field (B),
plasma density (p) and ram pressure (P). Panels (d), (e), and (f) show PCN, AE, and
SYM-H indices respectively during 31 December 2015 and 1 January 2016. Panel (k)
depicts plasma beta () and panel (1) gives the epsilon parameter (€).

5.3 Variations of Dng, VQ, AGY® and (Ade)/2 during 23:14:45-23:18:55 on 31 December
2015 are shown in the figure 5.3. These parameters are derived from the in-situ
observations of MMS-1. Similar variations are noted in the case of MMS-2, 3 and 4, but
not shown here.

5.4 Variations in the different ambient measurements from the MMS-1 spacecraft are given
for a 20-minute duration between 2310-2330 UT on 31 December 2015. Left panels a-
d show the variations in the ambient magnetic field (B), electric field (E), the bulk

velocity of ions (Vi), and bulk velocity of electrons (Ve) with the x, y, and z components
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in red, blue and green, respectively. Panels e-f show the parallel (brown curve) and
perpendicular (sky blue curve) components of the ion and electron temperatures (Ti and
Te), respectively. Panel g shows the ion (magenta) and electron (black) density of the
plasma (N) and panel h shows plasma beta (). Right panels give the energy-time
spectrogram of different components. Panels i-m show the spectrograms for ions (Ei)
(omnidirectional), electrons (Ee) (omnidirectional), parallel electrons (Ep), anti-parallel
electrons (Ea) and net energy flux (dErLux), respectively. Panels n-p show the pitch
angle distribution of the energy flux for the low-energy electrons (PL), mid-energy
electrons (PM), and high-energy electrons (PH), respectively.

5.5 Variations in the estimated electric field and current components from the MMS-1
spacecraft are given for a 20-minute duration between 2310-2330 UT on 31 December
2015. Panels (a), (b), (c), (d), and (e) give variations of the second term of the ideal (Ev),
Hall (Eh), inertial (Ea), pressure gradient (Ep) and total electric field (Et), respectively.
The X, Y, and Z components are shown respectively by red, blue, and green curves.
Panel (f) provides variations in the divergence of the total electric field. Panel (gf) shows
components of total current; and panels (hg) and (ih) provide variations in the FAC
estimated by the Curlometer method, by the plasma method, respectively. Panel (ji)
gives variations in the FAC carried by electrons (black) and ions (magenta) from the
Curlometer method and panel (kj) provides power (W), representing the amount of
electromagnetic energy density converted into plasma energy density.

5.6 Same as figure 5.4, but for the 20-minute duration between 0735-0755 UT on 1 January
2016, referred to here as the second encounter.

5.7 Same as figure 5.5 but for the 20-minute duration between 0735-0755 UT on 1 January
2016, referred to here as the second encounter.

5.8 Variations in the different measurements and estimations from the Cluster-4 spacecraft
are given for the 20-minute duration between 1145-1205 UT on 1 January 2016. Panels
a and b exhibit variations in the bulk velocity of ions (Vi) and bulk velocity of electrons
(\Ve) with the x, y, and z components in red, blue, and green, respectively. Panels ¢ and
d show the parallel (brown curve) and perpendicular (sky blue curve) components of the
ion and electron temperatures (Ti and Te), respectively. Panel e shows the ion (magenta)
and electron (black) density of the plasma (N). Panels (f)-(j) give variations of the
ambient magnetic field (B), first (E) and second term (Ev) of the ideal electric field, Hall
electric field (Eh) and total electric field (Et), respectively with the x, y and z
components. Panel (k) shows components of the total current flowing in the region;
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panels | and m give variations in the total FAC estimated by the plasma method and
FAC carried by electrons (black) and ions (magenta) respectively. Panel (n) provides
power (W) and panel h shows plasma beta ().

5.9 Same as figure 5.8 but for THEMIS-A spacecraft and for the 20-minute duration
between 1110-1130 UT on 1 January 2016.

5.10The columnar panels show the variations in the different ambient measurements,
respectively from the THEMIS-C, MMS-1, Cluster-4, and THEMIS-A spacecraft for
the 8-hour duration between 2300 UT on 31 December 2015 and 0700 UT on 1 January
2016. Top panels (a, g, m, and s) show variations in ion (magenta) and electron (black)
density (N). The panels in the second (b, h, n, and t), third (c, i, 0, and u), and fourth (d,
J, p, and v) rows from the top show magnetic field (B), ion velocity (Vi) and electron
velocity (Ve) respectively with the x, y and z components in red, blue and green. The
fifth (e, k, g, and w) and sixth (f, I, r, and x) rows represent ion temperature (Ti) and
electron temperature (Te) with parallel (brown) and perpendicular (sky blue)
components. The specific regions in the geospace traversed by respective satellites are
marked on top of the columns, where, M(D/N) denotes magnetosphere (day/night).

5.11Rows from the top show the variations in the energy flux (top two rows), electric field
terms (the third to sixth row from top), current density, and power estimated,
respectively. The columnar panels respectively show observations from THEMIS-C,
MMS-1, and THEMIS-A spacecraft for the 8-hour duration. The rest of the annotations
and symbols are the same as given in Figure 5.4, Figure 5.5, and Figure 5.10.

5.12Same as figure 5.10 but for the maximum (green) and average (violet) values of
observations from the THEMIS-C, MMS-1, and THEMIS-A spacecraft. The variations
in maximum and average values of net magnetic field (B), total electric field (E), ion
temperature (Ti), electron temperature (Te) (in the left column); ion density (Ni),
electron density (Ne), ion velocity (Vi), electron velocity (Ve) (in the middle column);
and current density (J), current density by plasma method (Jp), plasma beta (), and
power (W) (in the right column), respectively.
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CHAPTER 1

Introduction

“The beginning is the most impotant part of the work”
-Plato
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1.1 Motivation behind the research

The desire to explore space is driven by a multifaceted motivation. At its core, the quest to
explore the universe arises from a deep-seated curiosity about the unknown and an
unquenchable thirst for knowledge. We, the researchers seek to unlock the mysteries of the
cosmos, to gain insights into the origin, evolution, and future of life on Earth, and to uncover
the secrets of the stars. Beyond the pursuit of scientific discovery, space research has also
yielded practical applications that have benefited humanity, such as the development of cutting-
edge technologies and materials, improved communication systems, and breakthroughs in life
science (Ruyters et al. 2021). Furthermore, space exploration holds the promise of addressing
pressing global challenges, including climate change, natural disasters, and resource depletion
(Rao, 2001; Tobiska 2004). The significance of space research for developing nations like India
was signified by Dr. Vikram Sarabhai after the launch of Russia’s Sputnik satellite in 1957
when he underlined the relevance of space activities in developing nations and said that there
was no ambiguity of purpose. He is quoted “The space program shall be adopted to play a
meaningful role nationally, and in the community of nations, India must be second to none in
the application of advanced technologies to the real problems of man and society”
(Swaminathan, 2020). Subsequently, the Indian National Committee for Space Research
(INCOSPAR) was set up in 1962, and thus Dr. Sarabhai is remembered as the father of the
Indian Space Program. In essence, the motivation behind space research is a symbiosis of
scientific curiosity and a desire to leverage the knowledge gained to improve the world around

us.

The strong magnetospheric cavity of the Earth has played a very significant role in the
origin and sustenance of life on the Earth besides the other elements supporting life. The
magnetosphere provides a live connection to the upper atmosphere (ionosphere) of the Earth
through a complex interplay of physical processes and hence, the impacts of the space weather
on our planet can be understood by exploring the coupled magnetosphere-ionosphere system
(Kamide and Baumjohann. 2012). The interaction between the solar wind and the Earth's
magnetosphere is the primary factor determining the quantity of mass and energy that enters
the magnetosphere, consequently influencing its internal dynamics. In addition, the connection
between the magnetosphere and polar ionosphere through the Field Aligned Currents regulates
the exchange of mass, energy, and momentum from the magnetosphere to the ionosphere. This
coupling significantly affects the behaviour of the ionosphere. Hence, understanding the
specific regions and mechanisms facilitating this transfer and connection has remained a focal
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point of research and exploration for scientists. As of now, there is no universally accepted
model for this phenomenon, leading to ongoing debates and discussions. This very issue served

as the primary motivation for undertaking this thesis.

The prediction and mitigation of the severe effects of extreme space weather events on
satellite communication and navigation systems (Cid et al., 2014), power grids, and other
technological infrastructure (Kappenman 2005, Tsurutani et al., 2020; Coster et al., 2021) is
needed for a thriving modern society. A recent failure of injection of newly launched satellites
into desired orbits (Lockwood et al. 2023) has raised serious concerns about the growing impact
of space weather on Human activity in space. We find that understanding the origin of such
events on the Sun, tracking them through interplanetary space and till the L1-point of near-
Earth observations could lead to better classification of a possible “cause and effect” which has
been lacking for individual events. Therefore, in the recent past, the study of specific regions
and mechanisms facilitating such a wholesome solar wind-magnetosphere-ionosphere coupling
via transfer and magnetic reconnection has remained a focal point of research and exploration
for scientists (Poudel et al. 2018; Lockwood et al., 2019; Borovsky, 2021). As of now, there is
no universally accepted model for the coupling phenomenon at different boundaries of
dynamically changing interfaces, leading to ongoing debates and discussions (Oliviera and
Samsonov, 2018; Wang et al., 2020; Moretto et al., 2021). This very issue served as the primary
motivation for undertaking this thesis. Moreover, our research has broader implications for our

comprehensive understanding of the universal role of stellar magnetic fields in shaping it.

As noted above, the magnetosphere-ionosphere system is dynamically coupled with the
solar activity. Sun exhibits a few extreme events during each solar cycle which manifest as
major geomagnetic storms. The corresponding dynamical changes in the ionosphere-
thermosphere directly connect with modern societal applications on the ground and for human

endeavours in space.

Hence, this thesis aims to understand the impact of the varying solar forcing, and its
dynamical coupling with the magnetosphere-ionosphere system, including its effects on
technological infrastructure and other aspects of our planet during some extreme events. Thus,
research on this specific subject pervades a vast area of science, ranging from the study of the

Sun to the impacts of space weather on Earth.
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1.2The Sun and the origin of space weather

The solar system is comprised of the sun, the solar planets and their satellites (moons). The
sun being a middle-aged star accounts for about 99.8% of the total mass of the solar system. In
the cosmic or galactic medium, the solar emissions create a spatial boundary around the solar
system generally referred to as the heliosphere. The commonality of the plasma physics of the
solar system family has enabled the amalgamation of solar physics, cosmic ray physics, solar
wind physics, magnetospheric physics, ionospheric physics, and more into Heliophysics
(Schrijver et al. 2016). Space weather refers to the spatio-temporal variations of different
plasma and field parameters governed by the Sun and their dynamic interaction in the space
surrounding a planet such as the Earth (Baker, 1998; Hanslmeier, 2010). The Space Weather
of Earth originates from the emission sources in the Sun, and their evolutionary development
in interplanetary space which eventually dynamically couple with the Earth’s magnetosphere,
and the ionosphere system. The science of ‘space weather’ is a very interesting area of research
and is still unexplored with respect to many aspects (Koskinen et al., 2017; Morley, 2020,

special issue of Space Weather, 2019).

1.2.1 Solar structure and activity

Internal structure:
core
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Figure 1.1: A schematic graphic showing the layers of the sun. [Credit: NASA/Goddard

(https://www.nasa.gov/mission_pages/sunEarth/science/Sunlayers.html)]

The layers of the Sun: The structure of the sun can largely be divided into two

layers- the inner layer and the outer layer. The inner layer is the energy-generating layer, which

can be further classified into three main regions- the convection zone, the radiation zone, and
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the core (Mullan, 2010). The outer layer, which forms the atmosphere of the sun, is classified
into four major layers namely photosphere, chromosphere, transition region, and corona
(Stix, 2004; Antia et al., 2003).

The temperature of the photosphere is referred to at ~6000 K, which is mostly referred
to as the “black body curve” of the solar irradiance spectrum. The temperature dramatically
rises to millions of degrees K in the Corona which is mostly responsible for corpuscular
emissions (solar wind and mass ejections) from the sun. Several phenomena of the Sun still are

not well understood and the coronal temperature and mass emissions are one of them.

The Sunspots and the solar cycle: Sunspots are those areas on the sun’s photosphere
where the temperature is lower and the magnetic field is stronger than the surroundings
(Solanki, 2003). In the visible range of the electromagnetic spectrum, a sunspot appears as a
dark region in contrast to the bright disc of the sun’s photosphere. The total number of sunspots
manifests a periodicity of ~11 years (Schwab cycle), known as the Solar activity cycle (Antia
et al., 2003; Kusano, 2022). The Solar internal dynamo exhibits a major periodicity of ~22
years, which is known as the Hale cycle in solar magnetic activity (Mclintosh et al., 2023).
Additionally, solar activity has been noted (directly and indirectly) over several major scales
of variabilities including 80-88 years (Gleissberg cycle), ~210 years, and ~2400 years over

longer durations (Biswas et al., 2022).

SOLAR MINIMUM SOLAR MAXIMUM

Representation of Solar Activity

Figure 1.2: The observations from the SDO (Solar Dynamic Observatory) are used to represent
the solar activity cycle in terms of the occurrence of sunspots in the left images which
correspond to December 2019 (low activity) and July 2014 (high activity). The images on the
right show a mosaic prepared using SDO observations of the sun in X-ray during 1996-2020,
displaying solar cycles 23 and 24.
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A recent review paper by Usoskin (2017) lucidly explains the transition of solar
activity from the grand minimum to the regular solar cycles including various direct and proxy
indices obtained from several kinds of observations. Long-term (a few hundred and thousand
years) modulations in solar activity are known to affect the overall climate of the earth.

1.2.2 Emissions from the Sun
1.2.2.1 The Solar Wind

The solar wind is created by the continual stream of plasma i.e. a collection of protons,
electrons, and other lighter-charged particles from the corona (Antia et al., 2003; Kusano,
2023). Due to the very high temperature at the origin, the thermal velocities become larger than
the escape velocity eventually resulting in supersonic outflow. In terms of
magnetohydrodynamics, the solar wind carries a magnetic field as frozen-in-field, owing to its
very high conductivity. The solar magnetic field lines are carried into interplanetary space as
Archimedean spirals (Parker, 1965) by the radial motion of the solar wind and is called the

interplanetary magnetic field (IMF).

Coronal holes are a significant source of high-speed solar wind streams (Tu et al., 2005)
and typically have speeds of around 700-800 km/s (Cranmer, 2009). In addition to these fast
streams, there are also denser low-speed streams (300-400 km/s) (McComas et al., 2007) that
originate from the equatorial coronal streamer belt, which is located in the closed regions near
the equator. When high-speed solar wind streams from coronal holes come into contact with
these slower streams, they can create a solar wind structure known as a corotating interaction
region (CIR), which is characterized by enhanced density and magnetic field (Tsurutani et al.,
1995).

The solar disturbance transients, which can affect the Earth, can be put together in a
group of solar eruptive events of shorter time scales between a few seconds to days. A recent
review article by Zhang et al. (2021) provides a detailed overview of several key studies, which
advanced our understanding of these events, as well as listing many important review papers
on this subject. A brief description of these events is provided below as part of the classification

of solar eruptive phenomena.
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1.2.2.2 Solar flare

A solar flare is a sudden and intense localized eruption of electromagnetic radiation in
the Sun's atmosphere, caused by the rapid release of magnetic energy associated with complex
magnetic field topology (Svestka et al., 1992). Solar flares are classified according to their peak
flux (W/m?) of soft X-rays with wavelengths of 0.1 to 0.8 nanometers (1 to 8 angstroms), as
estimated by the GOES spacecraft in geosynchronous orbit. Flares last approximately from a
few tens of seconds to several hours. The disturbances induced at the Earth by solar flares
consist of the additional ionization at lower ionospheric regions produced by the intensified
EUV and X-ray emissions which can cause significant radio blackouts and other geomagnetic
effects collectively known as ‘sfe’ (Mitra, 1974; Tsurutani et al., 2009; Curto, 2020).

1.2.2.3 Coronal Mass Ejections (CME)

Coronal Mass Ejections (CMEs) are massive bursts of plasma and magnetic fields that

are emitted from the Sun's corona and travel through interplanetary space (Gopalswamy, 2016).

Figure 1.3: A very large CME is captured on 2 December 2002 with the Large Angle and
Spectrometric Coronagraph (an instrument that blocks the solar disk to reveal the much dimmer
corona) on board solar and Heliospheric Observatory (SOHO) mission. [Credit: Encyclopaedia

Britannica (https://www.britannica.com/science/coronal-mass-ejection)]

It is important to note that Solar flares that are significant in size are frequently
accompanied by CMEs (Harrison, 1995; Hundhausen et al., 1984, Liu et al. 2014). The cause
of CME eruptions remains uncertain, but one theory suggests that the Sun releases magnetic
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fields to decrease its energy. The Sun's coronal magnetic field becomes increasingly twisted
and entangled, and it takes energy to maintain these structures (Priest and Wood, 1991). When
the complexity reaches a certain threshold, it becomes more advantageous for the Sun to eject
a portion of the magnetic field, resulting in a CME (Howard, 2011).

Interplanetary coronal mass ejections (ICMEs) are the CMEs that leave the Sun's
Corona and travel through space. As they move away from the Sun, they can interact with other
solar wind structures and gain energy and momentum (Gopalswamy et al., 2000). Subramanian
and Vourlidas (2009) have emphasized that the flux carried by a typical CME toward the start
of its journey is somewhat larger than what it carries when it reaches the Earth in the form of a
magnetic cloud (MC). ICMEs are more complex than CMEs, with a more turbulent structure
and a wider range of speeds and densities. The literature suggests that CMEs that are fast,
associated with strong flares, and originate from a favourable location, i.e., in close proximity
to the central meridian and at low or middle latitudes, have the highest potential to cause intense
geomagnetic storms (Vourlidas et al., 2019) by generating strong ram pressure at the Earth's
magnetosphere (Gosling et al., 1991; Srivastava and Venkatakrishnan., 2004; Zhang et al.,
2007). Solar cycle 24 witnessed the anomalous expansion of CMEs, which can be attributed to
the decrease in ambient pressure, and which led to weaker magnetic fields in the ICMEs,
causing relatively subdued magnetic storms during the cycle making it the weakest in the space
age (Gopalswamy et al., 2014).

1.2.3 Classification of Solar Wind disturbances

Solar wind disturbances can arise from both large-scale disruptions on the Sun and
disturbances originating in interplanetary space (Yermolaev et al. 2019; Adekoya and
Chukwuma, 2018). The sources in the solar wind that drive the geomagnetic storm and
substorm processes can be classified according to their origin at the Sun or in the interplanetary
medium. Broadly, the solar wind drivers can be classified into three major types (Yermolaev
et al., 2019) - (a) the quasi-stationary structures in the background flow of the solar wind,
(b) the disturbed plasma streams, and (c) the shock waves. A detailed description of the

major solar wind sources or drivers of all types is given below.
1.2.3.1 Quasi-stationary structures in the background flow of the solar wind

Heliospheric Current Sheet (HCS): The magnetic field of the Sun covers all the planets, and

the biggest thing is the "current sheet” (Hoeksema et al., 1983). It is like a big surface where
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the direction of the sun's magnetic field changes from positive to negative. It causes the
flapping of the sheet due to the tilt of the magnetic axis, creating regions of an opposite
magnetic field called sectors (Smith, 2001). As the Earth moves around the sun, it sometimes
goes through the current sheet, and when the solar magnetic field points south, it cancels out
Earth's magnetic field, allowing solar wind energy to penetrate the local space and cause

geomagnetic storms.

FAST and SLOW streams: There is no clear boundary between the slow and fast streams of
the solar wind, just as there is no clear distinction in the topology of the coronal magnetic field
between regions with the low divergence of magnetic field lines and regions with open field
lines (Feldman et al., 2005; Richardson and Cane, 2012). Therefore, the line between the slow
and fast streams is drawn arbitrarily. In general, plasma with velocities below ~450 km/s was
considered SLOW, while plasma with velocities equal to or greater than 450 km/s was
classified as FAST (Yermolaev et al., 2019) which in some studies is referred to be greater than
~600 m/s. It is worth noting that the slow plasma stream is denser and colder than the hot and
rarefied high-velocity fast stream.

1.2.3.2 The disturbed plasma streams

Magnetic Cloud and EJECTA: Magnetic Clouds (MC) and EJECTA have rope-like magnetic
fields, with magnetic pressure dominating over thermal pressure (<<1) (Burlaga et al. 1981).
While MCs are a subclass of EJECTA, they have a stronger and more regular magnetic field,
which according to recent studies are found to bear varying magnetic structures near Earth
compared to their point of origin at the Sun (Gopalswamy et al., 1998). Observational
differences in MCs and EJECTA can be attributed to both the intensity of the CME on the Sun
and the intricacies of the underlying magnetic rope axis (Schwenn, 2006). In general, MC,
which is associated with the most severe geomagnetic storms, is classified as the strongest
EJECTA.

SHEATH and CIR: In general, when a large-scale plasma volume with a frozen-in magnetic
field overtakes a slower plasma volume, a compression region is formed at their boundary
(Hajra and Sunny, 2022 and references therein). This compression region has higher values of
plasma density, temperature, and magnetic field strength, with § > 1. Similar scenarios occur

in the solar wind in two cases: (1) when a faster MC/EJECTA moves in a slower solar wind, a
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compression region called SHEATH forms before it, and an interplanetary shock wave can be
formed on the leading edge of SHEATH under certain conditions. (2) A fast solar wind stream
can act as a piston, creating a Corotating Interaction Region (CIR) when there is a large enough
velocity gradient (dV/dt). Although the general principle of formation is the same for SHEATH
and CIR, they differ in the form of pistons that form them and in some observational
characteristics (Tsurutani et al. 1988; Richardson et al. 2002).

RARE: In the solar wind, the opposite scenario can also occur when a fast plasma volume
moves away from a slow volume to create a region of plasma density (N) less than 1 cm™. This

creates a rarefaction region (RARE) that has limited geoeffectiveness (Yermolaev et al. 2019).

SUN Stream Interaction Region
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Figure 1.4: Schematic of (a) an Interplanetary Coronal Mass Ejection (ICME) and the
associated shock and sheath. The ICME shown here features the flux rope or magnetic cloud
structure (Figure adapted from Richardson and Cane., 2011 (modified from Cane, 2000 and
Zurbuchen and Richardson, 2006)). (b) A CIR containing FAST and SLOW streams. Also,
CIRs are bounded by fast forward—fast reverse shock pair (DFS and DRS) in the near-Earth
orbit (Figure adapted from Kilpua et al., 2017). (c) RARE, FAST, SLOW, Forward, and
Reverse shock waves (Figure adapted from Owens and Forsyth (2013).
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1.2.3.3 The shock waves

Forward and Backward shock waves (IS and ISA): Sometimes, with large-scale structures,
small-scale events such as the forward (IS) and backward (ISA) interplanetary shock waves
also become important. Typically, the observation time for a shock wave front is around one
minute, and it is difficult to identify these boundaries in most cases (Yermolaev et al. 2019). In
most cases, interplanetary shock waves serve as natural boundaries of large-scale SHEATH
and CIR.

1.3Earth’s magnetosphere and Solar wind-magnetosphere coupling

1.3.1 Formation and structure of Earth’s magnetosphere

The Earth's magnetosphere is a region of space that surrounds our planet (Keith and
Heikkila, 2020). This invisible force field acts as a shield, preventing harmful solar and cosmic
particle radiation from penetrating our atmosphere and eroding it away (Gold., 1959; Spreiter
et al., 1966; Russel., 1972). This magnetic environment has played a critical role in the
habitability of our planet, allowing life to develop and thrive under the protection of the
magnetosphere. Of all the rocky planets in our solar system, the Earth has the strongest
magnetosphere.

1.3.1.1 The geomagnetic field and magnetospheric cavity

The Earth's magnetic field is best known to be generated by the motion of molten
ferromagnetic materials like Iron and Nickel in its outer core (Merrill and McElhinny., 1983;
Panovska et al., 2019). This process, known as the geodynamo, involves the generation of
electrical currents from the motion of the liquid iron. The motion of the liquid iron is driven by
a combination of factors, including the Earth's rotation and thermal convection (Merrill and
McElhinny., 1983; Olsen et al., 2010).

The changes in the geomagnetic field can be broadly categorized into two different timescales.
The Secular or long-term variations and the Transient or short-term variations. It is
important to note that the transient variations are caused by currents generated in the
magnetosphere-ionosphere system during geomagnetic storms and substorms (Gonzalez et al.,

1994), while the secular variations occur over a long period of tens of years to millions of years
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(Stewart, 1861; Cox et al. 1964; Courtillot et al., 1988). The best candidate model of the
geomagnetic field in the present era is given by the international geomagnetic reference field
(IGRF).

The magnetospheric cavity of the Earth is basically formed by the dynamic interaction
of the Earth's magnetic field and the ever-forcing solar wind, which is permeated by an
interplanetary magnetic field. This interaction deforms the Earth's dipolar magnetic field,
creating a bow-shock structure on the dayside and a comet-like tail on the night side (Keith and
Heikkila, 2020).

1.3.1.2 Major magnetospheric regions

Basic composition: Compositionally, the plasma within the magnetosphere consists primarily
of electrons and protons, which originate from both the solar wind and the terrestrial ionosphere
(Johnson, 1979).

However, the plasma is not uniformly distributed throughout the magnetosphere but
rather is separated into two distinct regions known as the inner and the outer magnetosphere.
The inner magnetosphere is commonly referred to as the co-rotating region of the magnetic
field lines with the Earth, whereas, the outer magnetosphere is exposed directly to the

interplanetary space with open and closed field line structures (Keith and Heikkila, 2020).

From the point of view of varying plasma and field properties, different regions of the

Earth’s magnetosphere can be defined (Eastwood et al., 2015) as given below in brief.

Bow shock: The supersonic and Alfvenic solar wind forms a steady bow shock upstream of an
obstacle such as a planetary magnetosphere, the shock near the Earth's equatorial plane (Axford
and Hines, 1961; Axford, 1962). The interaction of supersonic magnetized solar wind plasma
with the Earth’s magnetic field forms the magnetosphere and a fast magnetosonic wave, the
bow shock, which then acts to divert the solar wind flow around the obstacle (Keith and
Heikkila, 2020). The location and shape of shocks have been studied for over 40 years using
various approaches, such as direct observations of spacecraft crossings. The boundary layer
between the magnetosphere and the shocked solar wind (plasma downstream of the shock) is
called the magnetopause. The configuration of both the magnetopause and the bow shock is
very dynamic and depends on both the solar wind and magnetospheric properties (Merka and

Szabo 2004). The bow shock position and shape are controlled by the obstacle size and shape,
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upstream Mach numbers, and IMF orientation (Fairfield, 1971; Farris and Russell, 1994; Lu et
al., 2019).

Magnetosheath: As the solar wind approaches the Earth's magnetosphere, most of its particles
are deflected around it, creating an area known as the magnetosheath (Eastman et al., 1976;
Lucek et al., 2005). Within this region, a mix of shocked solar wind and particles that have
escaped the magnetosphere is found, with ion temperature generally exceeding electron
temperature. The plasma properties of the magnetosheath are shaped by the density, velocity,

and plasma beta of the upstream solar wind.

Magnetopause: The magnetopause (Chapman and Ferraro, 1933), which is the outermost
boundary of the magnetosphere, acts as a barrier separating the primarily terrestrial
geomagnetic field and plasma from the solar wind plasma (Schulz, 1995). The precise location
of the magnetopause is determined by the equilibrium between the magnetic pressure within
the magnetosphere and the dynamic pressure exerted by the solar wind. The pressure balance

equation is given by -

where p is solar wind density V is the solar wind velocity and B is the magnetic field
the subscripts sw and ms refer to solar wind and magnetosphere respectively. The
magnetopause stretches to approximately 10 Earth radii (Re) in the sunward direction along
the Sun-Earth line, marking the outermost boundary of the magnetosphere. The solar wind
dynamic and thermal pressure and the orientation of the dipole and the three components of
the IMF control the shape and location of the magnetopause (Sibeck et al. 1991; Petrinec and
Russell 1995; Merka and Szabo 2004).

Polar cusp: Located near the Earth's geomagnetic field poles, the polar cusps are funnel-
shaped regions where the solar wind particles can directly enter the Earth's ionosphere (Frank,
1971; Russel, 2000). These regions are of particular interest as they provide an important entry

point for the solar wind to interact with the Earth's magnetic field and ionosphere.

Magnetotail: The solar wind also stretches the terrestrial magnetic field in the anti-solar
direction, forming a long, comet-like tail known as the magnetotail that can extend up to 100
Earth radii (Re) in length. This region is shaped by the interaction between the solar wind and

the Earth's magnetic field and is an essential component of the magnetosphere (Petrinec and
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Russell, 1993; 1996). The magnetotail plays a significant role in the solar wind-magnetosphere-

ionosphere coupling and formation of substorms (Russell, 1972; Akasofu, 2012).

Magnetotail

4 Deflected solar wind particles
P
Incoming solar wind particles

Plasma sheet

Van Allen radiation belt ’

Neutral sheet

Earth's atmosphere
0 =100 km

Polar cusp

Bow shock* Magnetosheath

Figure 1.5: A schematic diagram showing the Earth’s magnetosphere and different plasma

regions inside it. [Credit: Wikipedia]

Plasmasphere: The plasmasphere is a region surrounding the Earth where the density of the
plasma is higher than the ambient density. It is composed of cold and dense plasma that
originates in the topside ionosphere (Carpenter and Park 1973; Goldstein, 2006). The density
of the plasma exceeds 10 cm and gradually decreases with the distance from the Earth. The
ions in the plasmasphere typically have a temperature of 1-2 eV, which increases with the
distance from the Earth. Plasmaspheric plumes and ion outflow produced during geomagnetic
storms significantly contribute to the total ion outflow from the Earth’s magnetosphere

(YYamauchi, M. 2019; Dandouras, 2021).

Plasmapause: The plasmapause is a region in the plasmasphere where the density of the
plasma drops sharply by an order of magnitude (Carpenter and Park 1973; Goldstein, 2006).
The plasmapause separates the dense and cold plasma of the plasmasphere from the less dense
and hot plasma of the outer radiation belt. The plasmapause is important as through this the

transport of energetic particles between the inner and outer magnetosphere occurs.

Van Allen Radiation Belts: The Van Allen Radiation Belts, which were discovered by Van
Allen in 1958, are the regions in the Earth's magnetosphere that are filled with high-energy
charged particles, trapped by the geomagnetic field (Mann et al., 2016). There are two main
belts: the inner belt and the outer belt, separated by a gap called the slot region, wherein, the

energy of the particles varies from a few kilo-electron volts to several mega-electron volts
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(known as ‘killer electrons) (see the review by Li and Hudson, 2019 for details). The motion
of the particles in this radiation belt is influenced by the Earth's magnetic field and by the
interactions with other particles and with waves in the magnetosphere (Green and Kivelson,
2004).

Plasma sheet: The plasmasheet is a relatively thick region of hot and dense plasma that is
located at the center of the magnetotail, extending about 4-8 Re in thickness (DeForest and
Mcllwain., 1971; Hill, 1974). Here, the magnetic field pressure is dominated by the plasma
pressure. The plasmasheet is a site of intense particle acceleration, where particles can reach
energies of several mega electron volts. It also plays an important role in the dynamics of the
magnetotail, as it is the source of the plasma that fills the tail lobes and the plasma sheet
boundary layer. In addition, this region is a host of various important phenomena associated
with magnetotail dynamics like the current sheet known as Neutral sheet current, dipolarization
fronts, the flow of plasma bubbles and plasmoids, etc (Runov et al., 2011; Baumjohann and
Treumann., 2012); Frihauff and Glassmeier., 2017).

Tail lobes: The tail lobes are regions outside the plasma sheet in the Earth's magnetotail that
are bounded by the magnetopause at the front and the plasma sheet at the back (Cowley, 1980,
2000). Basically, these are plasma-free regions adjacent to the plasma sheet in the
magnetosphere, characterized by a density of less than 0.01 cm™. The plasma in the tail lobes
is typically cold and tenuous, and the magnetic field pressure dominates over the plasma
pressure. The tail lobes extend from the end of the plasma sheet to the boundary of the
magnetosphere, and they can stretch up to several tens of Earth radii (Baumjohann, 2002) to

reach very near to the moon’s orbit (Poppe et al., 2012; Cao et al., 2020).

Plasma sheet boundary layer (PSBL): The plasma sheet boundary layer is the transition
region between the hot, dense plasma of the plasma sheet and the colder, less dense plasma of
the magnetotail lobes (Eastman et al., 1984). The thickness of the plasma sheet boundary layer
is typically a few thousand kilometers. During times of strong geomagnetic activity, the plasma
sheet boundary layer can become highly unstable, leading to the release of huge amounts of
energy and particles in the form of substorms. This region is very important from the aspect of
nightside magnetic reconnection, which happens mostly in this region, leading to the release

of energy and the acceleration of particles (Wellenzohn et al., 2021).

Neutral Sheet: The neutral sheet is a narrow plasma region that forms in the Earth's

magnetotail where the magnetic fields of the Earth and the solar wind merge (Russell, 1973).
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Basically, it is the boundary between the inward magnetic field of the northern tail lobe and
the outward magnetic field of the southern tail lobe. Within the neutral sheet, magnetic fields
from both sources are directed oppositely and cancel each other out. A detailed text by Keith
and Heikkila (2020) provides a current understanding of recent advancements in the

magnetospheric regions and their respective dynamical properties.

1.3.2 Solar wind-magnetosphere coupling

Solar wind-magnetosphere (SW-M) coupling refers to the physical interactions
between the plasma and magnetic fields of the solar wind and those of the Earth's
magnetosphere (Axford and Hines, 1961; Dungey, 1961; Akasofu., 1981). A brief overview of
the coupling mechanism at large scale and ion/electron scales followed by a description of

various current systems is given below.

1.3.2.1 The Dungey model and convection

The classical Dungey model, also known as the "open magnetosphere™ model, proposed
by Dungey (1961), is a theoretical model used to describe the behaviour of Earth's
magnetosphere in response to the impinging magnetohydrodynamic solar wind. According to
the Dungey model, when the z-component of the IMF (IMF-Bz) turns southward, it reconnects
with the northward geomagnetic field through a process known as magnetic reconnection in
the magnetopause. Conversely, during northward IMF-Bz conditions, the magnetosphere
remains compressed due to the dynamic pressure of the solar wind, and the solar energy can

enter through other mechanisms like viscous interactions (Cowley and Stenley, 2015).

These particles move the magnetotail where the nightside reconnection occurs
following a convective cycle (Heikkila, 1990). Then, some of the particles undergo gradient
and curvature drifts to relocate them in different parts of the magnetosphere to form different
plasma regions; others gyrate along the magnetic field lines to reach the Earth’s ionosphere.
The rate of reconnection during the cycle depends on the strength and the orientation of the
interplanetary magnetic field, and the plasma conditions at the site of reconnection (Milan
2007, Seki et al. 2015). The duration of the reconnection cycle varies between planets, but on

Earth, it takes around one hour.
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1.3.2.2 Different coupling mechanisms

The coupling between the solar wind and Earth's magnetosphere-ionosphere system is
a complex process that involves various mechanisms such as (i) magnetic reconnection (ii)
viscous interaction (iii) cross-field diffusion and (iv) pressure fluctuations, etc. These processes
result in the transfer of mass, momentum, and energy from the solar wind to Earth's
magnetosphere-ionosphere system, leading to various space weather phenomena. Notably, the
solar wind-magnetosphere-ionosphere system involves interactions at different spatial and
temporal scales. Broadly, they can be segregated into two categories- large-scale and small-
scale coupling. Large-scale coupling refers to the interactions between the solar wind and the
Earth's magnetic field over long distances i.e. over tens to hundreds of thousands of kilometers,
and timescales of hours to days. In contrast, kinetic-scale coupling involves the interactions of
individual particles, such as electrons and ions, in the magnetosphere and ionosphere over
much smaller scales, i.e. over several centimeters or meters in the timescale of seconds.
Kinetic-scale processes are characterized by plasma waves, particle acceleration, and
collisionless shocks. A brief description of the processes is given below which is important in

the context of solar wind-magnetosphere-ionosphere coupling.

Magnetic reconnection: Magnetic reconnection is a fundamental process that occurs in
plasmas containing magnetic fields, wherein, the field lines can become twisted and tangled,
and through magnetic reconnection, the magnetic field lines break and reconnect into a
different configuration and topology, releasing energy in the process (Hesse, 1988; Biskamp,
1996; Yamada, 2010, Fu et al., 2015; Burch et al., 2016; Torbert et al., 2018). Magnetic
reconnection is a key mechanism for the conversion of magnetic energy into kinetic energy
and thermal energy, and it is thought to play a critical role in a wide range of astrophysical
phenomena, including solar flares, coronal mass ejections, and magnetospheric substorms. In
these events, magnetic reconnection can cause the sudden release of large amounts of energy

in the form of high-energy particles, radiation, plasma jets, etc. (see Figure 1.6).

Magnetic reconnection is also important in laboratory experiments with plasma, such
as magnetic confinement fusion, where it can cause the loss of plasma confinement and hinder
the success of the fusion process. In general, this is a very important phenomenon occurring in
different astrophysical and laboratory plasmas like the solar flares, CMEs, prominence

eruptions, coronal jets, Earth’s magnetosphere, X-ray flares in pulsar wind nebulae, active
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galactic nuclei jets, edge of heliospheres, other planetary magnetospheres, laboratory fusion
experiments, etc (Hesse and Cassak., 2020). Understanding the fundamental physics of
magnetic reconnection is an open and crucial area of research in astrophysics, plasma physics,
and star-planetary coupling processes in the space plasma.

Some Settings Where Reconnection Occurs
(d)

Prominence Eruptions Coronal Jets

Laboratory Experiments/Fusion Earth’s Magnetosphere
(h) (@) f
:‘ .. ”
X-ray Flares in Pulsar Wind Nebulae Active Galactic Edge of Planetary
Nuclei Jets Heliosphere Magnetospheres

Figure 1.6: Examples of different astrophysical and laboratory plasmas where magnetic
reconnection occurs (adapted from Hesse and Cassak, 2020, for illustration). The panels are
arranged in a clock-wise fashion surrounding a pictorial representation of magnetic
reconnection in the middle panel. A caption is provided below each panel (a-j) which is self-

explanatory.

Viscous interactions: Viscous interactions refer to the transfer of momentum and
energy between different plasma populations through viscous processes, such as collisions and
frictional interactions (Axford and Hines., 1961; Axford, 1964; Tsurutani and Gonzalez., 1995;
Borovsky, 2021). In plasmas, viscosity arises due to the interactions between particles and the
presence of electric and magnetic fields. These interactions lead to momentum and energy
transfer between different plasma populations, resulting in the dissipation of energy and the

heating of the plasma (D’Amicis et al., 2020). In astrophysical systems, viscous interactions
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can occur in a variety of contexts, such as in the accretion disks around black holes or in the
interstellar medium. Sometimes, when the solar wind impinges on the Earth’s magnetosphere,
viscous interactions lead to the transfer of energy and momentum between different
populations of particles, such as between protons and electrons or between different ion
species. This can influence the properties of the solar wind, such as its speed and density, and
can also affect the dynamics of the Earth's magnetosphere. In laboratory plasmas, viscous
effects can be studied through experiments that involve the interaction between different
plasma populations or the interaction between plasmas and material surfaces.

Cross-field diffusion: Cross-field diffusion is a process in which particles or energy are
transported across a magnetic field in a plasma through random or turbulent motions (Tsurutani
et al. 1981; Khotyaintsev et al., 2019). In plasma, cross-field diffusion can occur through a
variety of processes, such as collisional diffusion, anomalous diffusion, or wave-particle
interactions. Collisional diffusion occurs when particles collide with each other and exchange
momentum and energy, leading to their diffusion across the magnetic field. Anomalous
diffusion, on the other hand, arises due to the presence of turbulence or fluctuations in the
plasma that cause particles to experience random motions and move across the magnetic field.
Wave-particle interactions can also lead to cross-field diffusion, as particles can interact with

waves and be scattered across the magnetic field.

Pressure fluctuation: Pressure fluctuations in the solar wind can play a key role in the
coupling between the solar wind and the Earth's magnetosphere (Kepko et al., 2002). When the
periodic density structures in the solar wind encounter the Earth's magnetosphere, they can lead
to the generation of waves and instabilities in the magnetosphere, which can cause the
magnetosphere to expand or contract (Viall et al., 2021 and references therein). In addition,
pressure fluctuations in the solar wind can also cause changes in the magnetic field of the Earth,

leading to magnetic reconnection events and the release of energy into the magnetosphere.

Coupling in the kinetic scale: Fundamentally the initial coupling between the solar wind and
magnetosphere begins at a very short kinetic scale inside a very small region (Torbert et al.,
2018). The manifestation of this short-scale transfer of energy and momentum is observed on
larger scales as discussed above. The Kkinetic scale coupling processes basically refer to the
individual motions and behavior of the particles at microscopic levels. These interactions are
governed by the principles of kinetic plasma physics, which include the effects of particle

acceleration, wave-particle interactions, and turbulence and are commonly known as magnetic
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reconnection (Chen et al. 2008; Fu et al. 2015a, 2015b; Burch and Phan 2016; Macek et al.,
2019a, 2019b). Thus, magnetic reconnection is a dominant solar wind-magnetosphere coupling
process that occurs at small ion and electron kinetic scales and influences larger-scale
processes. Magnetic reconnection occurs on the dayside magnetopause (Burch et al., 2016) and
nightside magnetotail (Torbert et al., 2018), with the plasma sheet boundary layer (PSBL)
between the plasma sheet and tail lobe playing a critical role in nightside reconnection and
transfer (Cheng et al. 2016; Chen et al. 2019). These coupling processes transfer a significant
amount of mass, momentum, and energy to the magnetosphere-ionosphere system from the
reconnection site, with field-aligned currents (FACs) and electric fields supporting the transfer
of energy from the reconnection regions to the ionosphere (Baumjohann and Treumann 2012;
Petrukovich et al. 2014).

Plasma Inflow
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Figure 1.7: A cartoon representing kinetic scale magnetic reconnection is presented in the
above figure. The faded red and sky-blue coloured rectangular regions represent an EDR and

an IDR respectively. (Figure courtesy: NASA-GSFC (https://mms.gsfc.nasa.gov/science.html)

The two very important small kinetic-scale regions where magnetic reconnection
occurs are known as the electron and ion diffusion regions. The electron diffusion region
(EDR) is described as a region in which the magnetic field lines break and the plasma
undergoes a rapid acceleration, leading to the separation of the magnetic field lines (Fu et al.,
2015, 2016; Burch et al., 2016; Torbert et al., 2018). Briefly, a reconnection EDR is generally
characterized by a steep gradient in the plasma acceleration and energy, a change in magnetic
field line topology, and a rise in ideal and non-ideal electric fields. The ion diffusion region
(IDRY) is described as a relatively larger region with respect to dimension and scale by the
above-mentioned studies, where the ions get separated from the magnetic field lines and the

newly reconnected magnetic field lines separate from each other. The basic structure and
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functions of the EDR and IDR in the magnetic reconnection process have remained a subject
of intense research (Priest and Forbes, 2007; Hesse et al., 2011) and this subject is growing
even as we write this thesis. Hesse et al. (2011) indicated the use of the MMS (magnetospheric
multiscale mission) of NASA to uncover the then unresolved scientific questions. Lu et al
(2022) have provided a lucid review of the magnetic reconnection at the magnetosheath,
magnetopause, and magnetotail region including the recent studies and development on this
subject using MMS observations. There are still many questions to be resolved concerning the
quantification of the energy and structure of the EDR and IDR as well as the development of a

general theory of magnetic reconnection (Pontin and Priest, 2022).

1.3.2.3 Magnetospheric current systems

The interaction between the Earth's magnetic field and the solar wind leads to the
formation of the ‘open’ magnetosphere system and the generation of electric currents. The
magnetospheric current systems can undergo dramatic changes in response to the transient
solar wind conditions. Hence, the major current systems in the magnetosphere exhibit suddenly
enhanced variability during such events. In the context of the research studies carried out during

this thesis, a brief overview of some significant current systems is given below.

Magnetopause current: The magnetopause current or the Chapman-Ferraro current arises due
to the diversion of ions and electrons in opposite directions that are perpendicular to the
magnetic field at the magnetopause (Chapman and Ferraro, 1931; Berchem and Russell, 1982).
Such an arrangement generates an electric field caused by the varying gyro-radii of these
particles, leading to a separation of charges. The ions infiltrating deeper into the magnetopause
contribute to an accumulation of negative charges in the external zone (Ganushkina et al.,
2018).

Tail Current: The tail current is a flow of charged particles that occurs in the Earth's
magnetotail, a region located on the nightside of the Earth's magnetosphere (Cowley, 2000). It
is caused by the stretching and twisting of the magnetic field lines as they are pulled away from
the Earth by the solar wind. The resulting electric field accelerates charged particles, creating
a current that flows back toward the Earth. The tail current flowing along the elongated
nightside magnetosphere accompanies the closure of the magnetopause current through the tail
surface (Ganushkina et al., 2018). The tail current plays a crucial role in the dynamics of the

magnetotail and can result in various phenomena such as substorms.
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Neutral sheet current: At the center of the magnetotail, the central plasmasheet contains a
horizontal current sheet, also known as the neutral sheet current, which is an important

component of magnetotail dynamics (Baumjohann and Treumann, 2012).

Ring current: The ring current is a broad toroidal kind of band of charged particles that
encircle the Earth in varying densities between 2 and 9 Re around the equatorial plane (Frank
1967, Tsyganenko 1995, Ganushkina et al. 2018). Currents are carried by charged particles
wherein the ions drift westward in the main part of the ring current while the electrons move
eastward, resulting in a net westward current (See Figure 1.8). During the geomagnetic storms,
the ring current becomes stronger and moves closer to Earth. (Kozyra and Liemohn., 2003;
Keika et al., 2013; Ganushkina et al., 2010). The storm time development of westward (ring)
current gradually generates a magnetic field that opposes the quiet time ambient magnetic field

resulting in a decrease in the magnetic field strength over the equatorial and low latitudes.

Interplanetary
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Figure 1.8: A schematic diagram showing the major current systems in the Earth’s

magnetosphere. (Modified from Kivelson and Russel.,1995).

The ring current is mainly composed of ions, with protons being the most abundant, but
alpha particles and oxygen ions are also present in smaller quantities. The predominant carriers
of energy in the ring current are ions, with a majority being protons. Nonetheless, alpha
particles, a specific type of ion abundant in the solar wind, are also observed in the composition
of the ring current. Furthermore, traces of O™ oxygen ions are also found which generally come

from the ionosphere according to many researchers. This diverse ion composition implies that
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particles in the ring current likely originate from multiple sources from both the

magnetospheric and ionospheric ends.

The ring current is known to have a strong local time-dependent amplitude, which
results in an azimuthally asymmetric ring current. The partial ring current refers to the
portion of the ring current that extends only partially around the Earth, rather than fully
encircling it (Luhr et al., 2017), and forms the asymmetric ring current. This occurs when there
is a non-uniform distribution of energetic particles within the ring current, which has been
shown to occur due to substorms (Fukushima et al. 1973, Rostoker et al., 1997) during an
ongoing geomagnetic storm (discussed in a later section). The ring current can be measured by
the variations in the H-component of the ground magnetometer records during the geomagnetic
storms, which is defined as the disturbance storm time (Dst) index. In a later section, we

describe the Dst index in detail.

Field aligned currents (FAC): Field-aligned currents, also known as Birkland currents, are
electric currents that flow parallel to the magnetic field lines in the Earth's magnetosphere but
the continuity is facilitated through polar ionospheric regions (lijima and Potemra, 1976a;
1978; 1982,). The flow of field-aligned currents facilitates the transfer of energy and
momentum between the magnetosphere (Cummings and Dessler, 1967) and ionosphere
(Baumjohann 1982), which leads to significant disturbances during geomagnetic storms and
substorms (Hasegawa and Sato, 1979). lijima and Potemra (1976a; 1976b) have described three
major FAC systems namely the RO (cusp current), R1 (Region-1), and R2 (Region-2) currents.

The cusp current, known as RO FAC (Haraguchi et al. 2004; Milan et al. 2017), is
associated with east-west flows in the dayside polar cap caused by magnetic tension forces on
newly reconnected field lines. Whereas, the Region 1 and Region 2 currents connect the polar
ionosphere to the magnetopause and inner magnetosphere. Milan et al (2017) have referred to
this circuit as (MP-R1-1-R2-PRC-R2-I-R1-MP, where MP, PRC, and | refer to the
magnetopause, partial ring current, and ionosphere, respectively) as the convection circuit,
wherein the R2 FAC is known to be associated with the partial ring current. Further details on
the FAC are given in subsection 1.4.3.1 in the context of the magnetosphere-ionosphere

coupling.
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1.3.3 Geomagnetic storms and substorms

1.3.3.1 Geomagnetic storms

The dynamic interaction between the solar wind and the Earth's magnetosphere leads
to energy transfer to the magnetosphere-ionosphere system over several days, during which the
geomagnetic field exhibits drastic variations including several changes in the size and shape of
the magnetosphere. Thus, such durations qualify to be called a storm in the geomagnetic field.
A systematic approach to identifying the storms, their phases, and classification according to
the intensity of the storms has developed over decades (Perreault and Akasofu., 1978; Gonzalez
et al., 1994; Lakhina and Tsurutani., 2016). Commonly, a geomagnetic storm is referred to by
the level of depression in the Dst index (lyemori and Rao, 1976), or similar other indices
(Kp/ap/AA), which originate from the ground magnetic field perturbations. A classification
provided by Gonzalez et al. (1994) is well-accepted in the community to refer to a Geomagnetic
storm as moderate, intense, or super storm based on the level of the Dst index. Similarly, a
statistical analysis of several geomagnetic storms has resulted in a broad classification of
characteristics of Dst index variations (Kamide et al. 1998), which are associated with different
durations and processes of the Solar wind-magnetosphere coupling. Accordingly, the temporal
progression of a geomagnetic storm (see figure 1.9) is found to occur in phases corresponding
to the storm sudden commencement (SSC), initial phase (IP), main phase (MP), and the

recovery phase (RP) (Ebihara, 2019 and references therein).

(a) Storm sudden commencement (SSC): When the supersonic solar wind collides with the
magnetopause, it compresses the dayside magnetosphere, rapidly increasing the magnetopause
current. This induces a magnetic field that adds to the Earth's magnetic field, causing a sudden
increase in the horizontal component of the geomagnetic field, known as storm sudden
commencement (Chapman and Ferraro 1931; Milan et al., 2017). This typically has a rise time
of a few minutes, corresponding to the propagation time of MHD waves from the

magnetosphere to the observation point. However, not all storms exhibit SSC.

(b) Initial phase: The initial phase occurs after the SSC and is characterized by a relatively
stable disturbance in the H component of the geomagnetic field. This phase is due to the
sustained compression of the solar wind and is determined by the magnetopause current. Its
duration can be calculated by subtracting the onset of the main phase from the sudden

commencement. However, not all storms exhibit an initial phase.
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(c) Main phase: When a magnetic storm occurs, the most important phase is known as the
main phase. This phase is initiated by a decrease in the H component of the magnetic field,
which falls below its normal pre-storm value. This decline is caused by the enhancement of the
westward flowing ring current (Gonzalez et al., 1994). During the main phase, which can last
from a few hours to a few days, the magnetic field experiences significant fluctuations and
disturbances. Understanding the main phase of a magnetic storm is crucial for predicting and

mitigating its potential impact on Earth and space-based technologies.

(d) Recovery phase: Following the main phase of a magnetic storm, the magnetic field
gradually relaxes back to its pre-storm level, marking the beginning of the recovery phase. This
process is initiated by the weakening or disappearance of the southward component of the
Interplanetary Magnetic Field (IMF), which causes the decay of the ring current and a gradual
return of the horizontal component of the magnetic field to its normal value (Gonzalez et al.,
1994; Tsurutani and Gonzalez 1997; Kamide et al., 1998; Schunk and Nagy., 2000). The
recovery phase occurs in several stages, as the reconnection rate reduces and the injection of
new particles into the ring current decreases, moving the convection boundary outward. As
depleted flux tubes within this expanded boundary are filled with cold ionospheric plasma, the
overlap of this cold plasma with the energetic ring current ions increases the ring current loss
rate due to charge exchange and pitch angle scattering. These interactions gradually decay the

ring current over several hours to days.
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Figure 1.9: A schematic representation of different phases of a geomagnetic storm (Figure
adapted from Tsurutani et al. 2006) associated with ICME structures in the solar wind.

Multi-step development of geomagnetic storms has also been reported (Wu et al. 2016;
Keika et al., 2018a, 2018b, 2022), which is caused due to consecutive multi-hit of magnetic
cloud and multi-step development of ring currents in the magnetosphere. The recent studies by
Gopalswamy (2015), Liemohn et al. (2010), Jin et al. (2017), Green et al. (2018), and Webb
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and Nitta (2018) add more to the existing knowledge and understanding of how solar wind and
coronal mass ejections (CMEs) originate and traverse through interplanetary space and
eventually affect the magnetosphere-ionosphere coupling and development of geomagnetic
storms and substorms through more complex and intricate theoretical treatments and multi-

scale observational evidence.

1.3.3.2 Geomagnetic substorms

The present understanding of substorms processes and associated phenomena is based
upon decades of observational evidences and theoretical developments (Akasofu, 1981,
Gonzalez et al., 1994). Accordingly, the substorms are classified as either isolated events or
events associated with geomagnetic storms (Gonzalez et al., 1994; Kamide et al., 1998). A
significant advancement in the storm-substorm relation was made by Kamide (1992) by
clarifying the main phase of a geomagnetic storm can occur without any substorm and substorm
can occur with or without a geomagnetic storm. Following Rostoker et al. (1980) and Hoffman
etal. (2010), a generalized description of a substorm can be given by “transient process initiated
on the nightside of the earth in which a significant amount of energy derived from the solar
wind-magnetosphere interaction is deposited in the auroral ionosphere and magnetosphere”. A
consistent theoretical and observational understanding evolved during the Chapman
conference in 1997 (Siscoe 1997), wherein, leading studies by lyemori and Rao (1996);
McPherron (1997); Wolf et al (1997), and Siscoe and Petschek (1997) eventually explicated
the long-standing questions on the storm-substorm relationships. The observations and
theoretical simulations, both converged on one specific manifestation that the main phase of a
geomagnetic storm is not primarily driven by substorms but by the magnetospheric convection,
and that the substorms during the main phase of a storm can also positively contribute to the
development of ring current. However, Akasofu (2003) further stressed upon development of
an integrated framework on the paradigm of the storm-substorm relationship, which must
consider all the observational facts reported so far and build a theoretical understanding, that
could explain the corresponding variations. In this context, Sharma et al. (2003) have provided
an inclusive idea based on the formation and composition of the ring current (ionospheric O*
ions) during the main phase of a geomagnetic storm. Further significant advances in the
substorm onset (triggering) and driving conditions are made using SuperMag network

observations by Newell and Gjerloev (2011), and Newell and Liou (2011). Studies on the
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storm-substorm relationship are continued to date, for example, McPherron (May 2023), has

revisited the subject through a robust statistical analysis.

In general, the process of a substorm can be described by three phases: the growth
phase, expansion phase, and recovery phase (See Figure 1.10). As noted above, each phase has
its origin in the processes involved for example the growth phase results from stretching of
the magnetic field lines and thinning of the magnetotail which could eventually energize the

magnetospheric plasma.

In the expansion phase, the stretched magnetic field lines become unstable and break apart,
releasing energy and plasma into the magnetotail region (Akasofu, 2017). This results in a flow
of plasma and electric currents Earthward along the magnetotail, which eventually forms the
substorm current wedge. Finally, the magnetic field lines relax, and the plasma flow returns
to its normal state during the recovery phase. The substorm current wedge dissipates and the

magnetosphere returns to its pre-substorm state.

PLASMA SHEET CONFIGURATION CHANGES DURING A SUBSTORM

Figure 1.10: A schematic diagram representing the Substorm sequence in the noon-midnight
meridian plane (Figure adapted from Hones, 1979). Sequentially, (1) the substorm growth
phase starts, and the tail stretches and thins; (2) magnetic reconnection happens in the near tail
region; (3-8) this leads to the development of a near-Earth neutral line, followed by the growth
and ejection of a plasmoid; (7-9) the plasmoid departs and leaves a thin "post plasmoid plasma
sheet" behind. (9-10) during the recovery phase, the near-tail plasma sheet gets refilled and the

tailward retreat of the neutral happens.

During a geomagnetic substorm, auroral activity in the auroral ovals is significantly
intensified, along with a significant increase in ionospheric current flow during the substorm'’s

expansion phase. There are two main ways in which this current is amplified. Firstly, the
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auroral electrojet is enhanced due to the increased convection, which commences during the
growth phase of the substorm. Secondly, the substorm electrojet or substorm current wedge
is responsible for the additional current flow, and it is linked to the discharge of magnetic
energy in the magnetotail (Kepko et al., 2015). The current in the substorm current wedge or
substorm electrojet flows westward in the midnight sector, and it is connected to cross-tail
currents through field-aligned currents. The development of the substorm current wedge is an

outcome of the reconnection process that takes place in the near-Earth magnetotail.

During the growth phase of the substorm, the magnetic flux in the tail lobes rises, and
the cross-tail sheet becomes thinner due to the increased pressure from the lobes. Once a part
of the current sheet reaches an appropriate threshold, reconnection begins spontaneously near
the center of the current sheet. This process disrupts the cross-tail current, and a portion of the
current is diverted towards the ionosphere along magnetic field lines in the form of the
substorm current wedge. Approximately an hour after the substorm onset, the ionospheric
current flow and the auroral activity begin to decrease, and the substorm recovery phase starts.
This phase lasts for a few hours, and it ends when the magnetosphere returns to a quiet state.
Subsequent studies by Keika et al. (2018a; 2018b; 2022) reported several cases of intra-
magnetospheric energization, and generations of charged particles followed by plasma flow
and demonstrated the multi-step development of geomagnetic storm or substorm. Koskinen
(2011) has given a lucid explanation of the storm-substorm processes including the formation
of the substorm current wedge showing the diversion of the cross-tail current into the

ionosphere
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Figure 1.11: A schematic of the substorm current wedge (Figure adapted from
McPherron et al., 1973), showing the diversion of the cross-tail current into the ionosphere
during geomagnetic substorms. Each pointed line represents the current flow and its direction.

(https://www.issibern.ch/teams/scw/Proposal.html).
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Supersubstorms: As noted in the above subsections, the response of the magnetosphere to
the transient solar events produces different classes of geomagnetic storms, with the most
intense geomagnetic storm referred to as “super storms”. On the other side, the substorms can
occur in association with or without geomagnetic storms. In the category of the substorms, the
extreme events are referred to as “Sueprsubstorms”. As per the criteria defined by Tsurutani et
al. (2015), extremely intense substorms with Supermag lower index (SML) < —2500 nT are
identified as supersubstorms. Owing to the intense magnetospheric response, Supersubstorms
may also have a substantial impact on satellites, communication and navigation systems, power
grid, technological devices, international space stations, etc. It is known that the most intense
currents in the ionosphere happen during substorms, which can occur repeatedly throughout
magnetic storms, as well as outside of them. When the substorm currents exceed amplitudes of
108 A, they induce currents in conductors on the ground, which can cause overheating and, in
some cases, failure of transformers (Pulkkinen et al., 2012; Schrijver and Mitchell, 2013). The
supersubstorms have been reported in some of the previous studies in recent past (Hajra et al.,
2018; Adhikari et al., 2017), however, a complete understanding of the processes that could
trigger the supersubstorms have not been established yet. This thesis is an effort to understand
such extreme space weather events with a comprehensive understanding of the sources of the
supersubstorm including solar wind-magnetosphere-ionosphere coupling and consequences.
Details of the identified gap areas and the aim of the thesis in this context are given in the last

section of this chapter.

1.4 Earth’s ionosphere and Magnetosphere-lonosphere coupling

The Earth's (neutral) atmosphere can be divided into several layers, each with distinct
characteristics and boundaries. Primarily, the atmospheric profile can be divided into a few
layers based on the vertical temperature variations (see detail in Wallace and Hobbs, 2006).
These layers are called as troposphere (up to ~17 km over the tropics), stratosphere (~17-50

km), and mesosphere (~50-90 km) according to the temperature profile of the atmosphere.

The atmospheric (gaseous) composition is found in the same proportion up to the
turbopause altitude (~100 km) due to well-mixing, however, it changes according to the
diffusive separation in the upper atmosphere, known as thermosphere (up to ~1000 km).
Eventually, the vertical expansion of the atmosphere extends up to an altitude of about 10,000
km, known as the exosphere, which gradually transforms into a very-very thin atmosphere

(almost a space vacuum).
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1.4.1 The Earth’s ionosphere

The Earth’s ionized part of the atmosphere is known as the “ionosphere” where free
electrons and ions can significantly impact radio wave propagation. The ions and electrons are
produced by the process of photoionization, which is an altitude-dependent process and thus
creates a sufficient number of electron density that increases upwards from ~50 km to ~200
km. Above the altitude of ~200 km, gradually the photoionization yield decreases but the
transport processes dominated by diffusion extend the ionospheric presence up to ~1000 km
(Rishbeth and Garriot, 1969).

During the daytime, solar X-ray and extreme ultraviolet radiation are the primary
ionization sources, and the ionization rate depends on the intensity of the ionizing radiation,
atmospheric density, composition, and ionization cross sections of atmospheric constituents at
a given altitude. The three main atmospheric constituents, N2, O2, and O, are ionized by
incoming solar radiation, producing primary ions such as N2*, O.*, N¥, O", and NO™, each of
these species maintains a different vertical profile Various physical, chemical, and dynamical
processes result in the redistribution of this ionization, forming distinct ionization peaks and
layers (regions) denoted by the symbols D (~60-90 km), E (~90-120 km) F1 (~140-210 km),
and F2 (above 210 km) (see excellent texts by Rishbeth and Garriot, 1969; Rees, 1989; Schunk
and Nagy, 2004). An additional layer, F3, is also known to exist, primarily over the equatorial
and low latitudes owing to the vertical ExB drift-dominated transport (Balan and Bailey, 1995;

Venkatesh et al. 2020 and references therein).

The layers below ~220 km are formed as a product of photoionization which naturally
become extinct beyond the sunset, thus creating a large difference between the day and night
time ionospheric profiles. During the daytime, the F-layer (region) splits into two distinct
layers- F1 and F2-layer (region) under the effect of varying rates of production,
recombination, and diffusion varying with altitude. However, during the night time, only the
F2 layer, which is produced majorly through vertical diffusion and transport processes, carries
a significant amount of ionization with longer lifetimes owing to the lower recombination rate
at those altitudes (Rishbeth and Garriot, 1969; Rees, 1989) The ambient electron density profile
shows gradual changes under the effect of the solar activity cycle (~11 years). Apart from the
local time and the solar activity-related variations, the electron density profile also varies with
changes in season and latitude. Additionally, the forcing from solar transient events like solar

flares and geomagnetic storms can drastically change the electron density profile.
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1.4.2 lonospheric current systems

lonospheric current systems refer to the various electric current systems that flow
within the ionosphere. The ionospheric currents are driven by a variety of factors, under the
mutual interaction of the atmosphere and the Earth's magnetic field (dynamo) and the solar
wind-magnetosphere coupling, etc. Major current systems that are pertinent to this thesis
include the Sq (solar quiet), equatorial and auroral electrojets, and the field aligned currents
(FACs), are briefly described below.

Sqg current (Solar quiet current): The tidal motions in the atmosphere are generated by
differential solar heating (Schuster and Lamb, 1889). The pressure gradient eventually causes
tidal winds in the atmosphere. The heating of the atmospheric column varies with the altitude,
and thus, the tidal modes produced in the lower atmosphere in combination with the local
thermospheric modes, result in the thermospheric winds (Forbes and Lindzen, 1976;
Onwumechikli, 1997; Pedatella 2011). In a simplistic representation of the atmospheric
dynamo (Forbes, 2007), the horizontal motions of neutrals at the E-region altitudes produce
ion currents across the magnetic field lines. This motion primarily forms the solar quiet or Sq
current system (See a lucid review by Yamazaki and Maute, 2017 and references therein). The
inhibition of current continuity at the solar terminator results in a primary eastward electric
field over the equatorial and low latitudes on the dayside. Eventually, a complex interplay of
the primary electric field in the presence of anisotropic ionospheric conductivity produces a

latitude and local time-dependent current system (See Figure 1.12).

Equatorial electrojet (EEJ): The equatorial electrojet (EEJ) is a very special current system
found flowing eastward in a narrow belt around the dip equator (Thick arrow over the dip
equator in Figure 1.12) during the daytime (see details in Forbes, 1981; Reddy, 1989; Kelley,
2009; Onwumechikli, 1997). The main reason behind the generation of the equatorial electrojet
in the eastward direction is the generation of Cowling conductivity (oc), which is generally
much greater than Hall (on) and Pederson ((op) conductivities. In the E-region of the

ionosphere, on>> op, hence, eventually yields a very high value of Cowling conductivity
2
represented as- oc = [Gp + %] The variabilities of the EEJ system during geomagnetically

disturbed periods are highly dependent on the intensity of the geomagnetic storm and couplings
in the solar wind- magnetosphere-ionosphere system (Dashora et al., 2009; 2019; Yamazaki
and Kosch, 2015; Yamazaki and Maute, 2017).
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Figure 1.12: A schematic overview of ionosphere-thermosphere processes and their interaction
with the magnetosphere and the solar wind, leading to the generation of various current systems
(Figure adapted from Sarris et al., 2019)

1.4.3 Magnetosphere-ionosphere coupling

The transfer of mass, energy, and momentum between the magnetosphere and
ionosphere through various physical processes is referred to as magnetosphere-ionosphere
coupling. These processes include different kinds of electric fields, electric currents, particle

precipitation, heating as well as wave-particle interactions, and turbulence.
1.4.3.1 FACsand PCPD

Field Aligned Currents (FACs): In one of the subsections above (section 1.3.2.3), the FACs
are introduced as part of the magnetospheric current systems. However, the FACs play a major
role in magnetosphere-ionosphere coupling (Ganushkina et al., 2015; 2018; Adhikari et al.
2018), by facilitating the dynamic connection from the reconnection sites located at the
magnetopause and magnetotail (substorm-related dynamics) to the polar ionosphere (Siscoe et
al. 1991) have explained the coupling mechanism convection driven voltage generator. The

Region-1 FACs originated at the low latitude flanks of magnetopause (Ebihara and Tanaka,
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2022 and references therein), and flow into the polar ionosphere along the reconnected (open)
magnetic field lines from the dawn side. Thus, Region-1 FAC is the source of the ionospheric
DP2 current system over the auroral region (detail below in a subsection), and, the current
conservation leads the Region-1 current to flow out of the ionosphere from the dusk side (lijima
and Potemra, 1976a). The Region-1 current flows in the poleward part of the auroral region,
whereas, the Region-2 FACs flow in the equatorward part of it with the opposite polarity to
that of Region-1 FACs (See Figure 1.13). In the last two decades, the understanding of the
FACs has enhanced multi-fold from a simple statistical mapping (lijima and Potemra, 1976a)
to a much more complex pattern owing to the recently available precise and multi-point
spacecraft observations and inversion techniques. For example, the advances made in this
context can be given in chronological order as Weimer (2001), Papitashvili et al. (2002),
Anderson et al., (2014), and Edwards et al. (2020) and references therein. The sequences of
development of the Birkland currents or the FACs, show the physical coupling processes that
begin with the southward excursion of the IMF in the main phase, followed by the reconnection
at the magnetopause and the anti-sunward convection of the open field lines. The local time-
dependent development of the R1 and R2 currents in the day and night side (Anderson et al.

2014) further determines the penetration electric field from high to low latitudes.
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Figure 1.13: A schematic diagram of magnetosphere-ionosphere coupling via field-aligned
Region 1 and 2 and Pederson and Hall currents in the ionosphere (Figure adapted from Le et
al., 2010)

PCPD (polar cap potential drop): The amount of magnetic flux and plasma flowing through
the magnetosphere, in other words, the magnetospheric convection, can be measured through

the PCPD. As noted above, the reconnection in the dayside drives the convection, so an

33



Chapter 1 Introduction

equivalent electric field (E=-Vsw x IMF-Bz) can be considered mapping to the high-latitude
ionosphere. The electric field thus can be expressed as the divergence of the potential across
the polar cap known as PCPD (®pc). (Reiff et al., 1981; Ahn et al,. 1983; Boyle et al., 1997,
Adhikari et al. 2018). The difference in the potential between the dawn cell (where the electric
field reaches a maximum) and the dusk cell (where the electric field attains a minimum) is
referred to as the cross polar cap potential (CPCP) (Liu et al., 2019) or polar cap potential drop
(PCPD). The PCPD has long been used as an index to determine the solar-wind-
magnetosphere-ionosphere coupling, however, at the same time it is recognized that the ®pc
exhibits saturation limit for increasing degree of convection at large values of IMF (Ridley,
2002; Shephard, 2007). Recent studies on the estimation of PCPD show an efficient estimation
using the SuperDARN radar and machine learning (Liu et al., 2019). Here, it shall be mentioned
that there exists another measure of magnetic activity in the polar cap, which is known as the
PC index (Troshichev et al., 2006). PC index which can be determined by using the
magnetometer observations from the polar latitudes and the merging electric field (see details
in section 1.5.2).

1.4.3.2 Auroral electrojet and DP2

Auroral electrojet: The auroral oval exhibits a strong and persistent horizontal electric current
system at about E region altitudes during enhanced magnetospheric convection and particle
precipitation. This current system is known as auroral electrojet (Bostrom, 1964; Devis and
Sugiura, 1966). The auroral electrojet is composed of two distinct, yet coupled, loops of
current, known as the eastward and westward auroral electrojet. A review on auroral electrojet
by Feldstein et al. (1997) shows the formation and expansion of the structure of both the
eastward and westward electrojets during geomagnetic storms, which largely depend upon the
local time. Our understanding of the auroral electrojet and its variability has grown from the
ground network of magnetometers like SuperMag (Newell and Gjerlov, 2011) and the
SuperDARN radars. The AE index, its development and manifestation of the geomagnetic
activity, along with the equatorward expansion of the polar disturbances, all are associated with
the ever-changing structure and variability of the auroral electrojet system. An equivalent
current can be derived from ground magnetic perturbations (Kelley, 2009) which can be fine-
tuned using high latitude ionospheric conductivity, which varies in space and time with the
intensity of the geomagnetic storms and substorms. The structure and expansion of the auroral

electrojet system during increased magnetic activity and their association with R1/R2 FACs
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are studied by Feldestien et al. (2006) using a chain of magnetometer, through the CHAMP
satellite observations and Space Weather Modelling Framework (SWMF) comparison (See for
details Wang et al. 2008).

DP2 Fluctuations: The DP2 (Disturbance Polar two) fluctuations in the horizontal component
of magnetic field (H) have historically been defined by Nishida (1966; 1968) with an equivalent
current system consisting of two vortices over the polar cap. Kikuchi et al. (1996) have
explained that the DP2 fluctuations are caused by a Hall current system (auroral electrojet) at
auroral latitudes and by a Pedersen current enhanced by the Cowling effect at the dip equator,
both of which are controlled by the convection electric field. The geomagnetic disturbances,
typically, during geomagnetic storms and substorms can produce varying DP2 signatures
around the globe (Kikuchi et al., 2008; Amory- Mazaudier et al., 2017). The convection
electric field associated with the DP2 can instantaneously penetrate to the equatorial and low
latitudes (Kikuchi and Araki, 1979) and hence the DP2 fluctuations show a global imprint and

consequences.
1.4.3.3 Joule heating and Auroral particle precipitation

Joule heating in the ionosphere is primarily a result of the Ohmic interaction between
the ionospheric plasma and the electric fields generated by the Earth's magnetosphere.
(Akasofu, 1981). When charged particles in the ionosphere move through these electric fields,
they experience a force that causes them to move. As the ionospheric plasma has a finite
resistance, the flow of electric current leads to the generation of heat, which manifests as Joule
heating. This process can lead to significant heating of the ionospheric plasma and neutrals,
causing an increase in temperature. Joule heating is an important energy transfer mechanism
in the ionosphere, with significant effects on its structure and dynamics (Rodger, 2001 and
references therein; @stgaard et al., 2002). The estimation of Joule heating has been known to
depend upon the method and experimental technique (Guo et al., 2012; Zhu et al., 2018). The
theoretical and experimental methods of calculation of the energy dissipation through Joule
heating such as AMIE, have been improved by various studies (Rastétter et al., 2016;
Richmond, 2010; Weimer, 2005 and references therein).

The auroral particle precipitation is a term associated with high energy
magnetospheric particles bombarding the high latitude region. Particles with mirror points
below 100 km altitude are prone to deposit their energy through ionization, aurora, and heating

as a result of encountering a higher concentration of neutral particles at this altitude (Cole,

35



Chapter 1 Introduction

1962, 1971; Rees, 1975; @stgaard et al., 2002). Several studies have estimated that the
dissipation of power resulting from auroral particle precipitations has a linear correlation with
the AE index (Ahn et al., 1983; Akasofu, 1981; Lu et al., 1998; Richmond et al., 1990; Spiro
etal., 1982).

Both the phenomena, the Joule heating, and the auroral particle precipitation have
shown significant variability from event to event. Previous studies have given descriptions of
many attempts to quantify these two terms following different methodologies (see Chapter 2
for details). This thesis makes a concerted effort to estimate the energies associated with these

phenomena (see Chapter 3 for details).
1.4.3.4 Disturbed-time electric fields

Prompt Penetration Electric field (PPEF): The high-latitude convection electric field (as
noted above in association with the DP2 fluctuations) can penetrate to equatorial and low
latitudes (Kikuchi and Araki, 1979; Kelley et al., 1979; Kikuchi 1996 and references therein)
which is now commonly known as the Prompt Penetration Electric field (PPEF).
Mathematically, the convection electric field can be represented as Ec=-V. x B. The associated
convection electric potential (®c) is given as Ec= - Vd¢, The PPEF, according to the present
understanding, is associated with a condition that can cause an imbalance between the R1
(poleward current system) and R2 (equatorward current system) (Peymirat et al., 2002 and
references therein). The dawn-to-dusk polarity of the electric field associated with the dayside
magnetospheric convection (i.e. stable southward excursion of IMF-Bz and enhanced R1
FACs) manifests as the eastward electric field. After some time (an hour or so), when the R2
FACs develop in response to the above initiation of convection, an electric field of opposite
polarity (westward) dominates the one that is associated with the R1. During substorms and
the sudden rise of the asymmetric ring current, the dusk-to-dawn electric field (westward in the
daytime) of reverse polarity (i.e. associated with the R2) grows significantly and penetrates all
over (Radley and Leimohn, 2002). The perturbation in the H-component under the effect of
PPEF depends upon the latitude (distribution of conductivity) and is enhanced over the dip
equator due to enhanced Cowling conductivity. Dramatic changes in the electrodynamics have
been observed under different kinds of PPEF during intense geomagnetic storms (Dashora et

al. 2019 and references therein).

Disturbance Dynamo Electric field (DDEFs): The Disturbance Dynamo Electric field
(DDEF) relates to the delayed effect of the ionosphere-thermosphere response to the high
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latitude forcing during geomagnetic storms. The intense geomagnetic storms produce
widespread, sustained Joule heating over the high-latitude, which in turn launch the pressure
impulses or TADs (Hocke and Schlegel, 1996; Bauske and Prolss, 1997) away from the polar
ionosphere. These perturbation equatorward meridional flows at the F-region and lower
altitudes arrive at the mid-latitude in a few hours and under the effect of Coriolis force are
directed westward. Such a situation brings an oppositely directed dynamo, producing,
perturbed equatorward and westward electric fields known as disturbance dynamo electric
fields (DDEF), which drive the mid and low-latitude electrodynamics for tens of hours to days.
Blanc and Richmond (1980) have performed exhaustive simulations, which provide a
substantial foundation for the observed long-lasting effects of the DDEF over mid-to-low
latitude and up to the dip equator (Abdu et al., 1995; Fejer et al., 1986). A recent review of the
DDEF mechanisms and manifestations by Fejer et al (2017 and references therein) provides
details and is a good read for the community. In general, the effects of DDEF are prevalent
during the recovery phase of the geomagnetic storm. The Disturbance Dynamo causes global
magnetic perturbations that are frequently represented as Dayn (Amory- Mazaudier et al., 2017,
Rout et al. 2019) as follows-

Dgyn = AH — Sg — SYMH

wherein AH, Sgr, and SYMH are overall fluctuations in the horizontal geomagnetic field above
the crustal magnetic field, magnetic field fluctuations due to quiet time ionospheric dynamo,
and magnetic field induced by the ring current, respectively.

1.5 Geomagnetic responses

Long-term observations of the Earth's magnetic field have shown that it undergoes major
changes over time, which can be classified into two broad categories: secular (climatic) and
transient (few minutes to days) variations. The works in this thesis are focused on studying the

transient variations during geomagnetic storms and substorms.
1.5.1 Components of the geomagnetic field

The geomagnetic field is generally represented in the XYZ or HDZ coordinate systems
(Campbell, 2003). In the XYZ system, the variations of the main field along the geographic
north-south, east-west, and vertical up-down are represented along the X, Y, and Z-directions
respectively. On the other hand, in the HDZ system, the variations of the main field along the

geomagnetic north-south, east-west, and vertical up-down are represented along the H, D, and
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Z-directions respectively. The magnetospheric and ionospheric currents at different time
intervals in the magnetosphere-ionosphere system cause a resultant effect on the Earth's surface
which is observed as a net perturbation in the H-component (Villante and Piersanti 2009 and
references therein). On the other hand, the D-component during geomagnetic storms,
especially during the time of SSC, exhibits significant perturbations (See for example Rastogi
1999; 2005; Piersanti and Villante, 2016).

1.5.2 Geomagnetic indices

Geomagnetic indices are widely used to monitor these transient variations and
characterize the dynamic state of the magnetosphere-ionosphere system. Several indices of
geomagnetic activity have been introduced to assess the degree of geomagnetic activity at
various latitudes and time intervals. Some of the relevant geomagnetic indices to the present

thesis are discussed below.

AE and associated indices: The Auroral Electrojet (AE) index was initially introduced by
Sugiura and Davis (1966) as a metric for measuring global electrojet activity in the auroral
zone. It is calculated as the total deviation from quiet day values of the (H-component from
selected observatories (typically 10-13) along the auroral zone in the northern hemisphere. The
upper envelope of the H component disturbances observed at these observatories is called the
AU index, which is a measure of the maximum intensity of the eastward electrojet. The lower
envelope of H disturbances, the AL index, provides an idea of the maximum intensity of the
westward electrojet. The difference (AU-AL), defines the AE index, and the mean value of AU
and AL, i.e., (AU + AL)/2, defines the AO index.

Since the eastward and westward electrojets are generated by different physical
phenomena and are quite different, it is questionable whether the AE index gives a proper and
meaningful representation of the spatio-temporal variabilities (Kamide and Rostoker, 2004).

SME and SML index: The SME (Super Magnetic Electrojet) and SML (Super Magnetic
Electrojet Lower) indices, as a replacement for AE/AL indices are constructed from denser
ground magnetometer data gathered by the SuperMAG network. This network includes more
than 100 magnetometers operated by various national and organizational agencies, covering
both high, mid, and low latitude stations, in addition to the standard AE and AL magnetometer
sites (Gjerloev., 2009, 2012; Newell and Gjerloev, 2011a, 2011b). This feature proves crucial,

as particularly during the magnetic storm and substorm intervals, the auroral current systems
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exhibit drastic structural changes including deeper equatorward movements compared to the
nominal auroral zone. The SML index is used in this thesis to identify and characterize the

Supersubstorm events of solar cycle 24 (See Chapters 3 and 4 for details).

Kp index: The planetary K-index, known as the Kp index is computed by using H-component
records from 13 sub-auroral observatories distributed in longitude across the northern (11
observatories) and southern (2 observatories) hemispheres are used (Bartels et al., 1939;
Matzka et al., 2021). This index is quasi-logarithmic, ranging from 0 to 9 depending on the
level of geomagnetic activity. A Kp value of 0 indicates an extremely quiet magnetospheric

condition, while a value of 9 suggests highly disturbed times.

Polar Cap index (PC-1): The PC-index (Troshichev et al., 2006 and references therein) is a
magnetic activity index for the Polar Cap region. It is designed to monitor the magnetic activity
in the Polar Cap generated by various solar wind parameters, such as the IMF-Bz, the IMF-By,
and the solar wind velocity in connection with the observed perturbations in the ground
magnetic field. To obtain the PC-index, observational data from a single station located close
to the magnetic pole in each hemisphere is used (Thule (77.47° N, 290.77° E) for the northern
hemisphere (known as PCN) and Vostok (78.4645° S, 106.8339° E) for the southern
hemisphere (known as PCS).

Dst index: The Dst (disturbance storm time) index, is used to evaluate the intensity of
geomagnetic storms (Gonzalez et al. 1994). The depressions in the H-component caused by the
ring current during geomagnetic storms can be detected by ground magnetometers at low and
mid-latitude stations (Sugiura., 1964; Nose et al., 2015). Geomagnetic storms are classified
based on the minimum Dst value and can range from weak to intense (Perreault and Akasofu.,
1978). Though there are debates and discussions in the community regarding the hard and fast
limits of the ranges of minimum Dst value, the storms are majorly classified as (a) moderate
(=50 nT), (b) Intense (<-100 nT), and (c) super intense (< -250 nT) or super storms
(Gongalez et al, 1994; Vichare et al., 2005; Eicher et al., 2010).

Symmetric and asymmetric (SYM-H and ASY-H) indices:

To provide a detailed account of geomagnetic disturbance fields in the low and mid-
latitudes with a high temporal resolution of 1 minute, two indices have been developed: a
longitudinally symmetric (SYM) and a longitudinally asymmetric (ASY) disturbance index
(lyemori and Rao, 1996), each for both the H and D components (SYM-H, ASY-H, SYM-D,
ASY-D). The symmetric disturbance field in H, known as SYM-H, is similar to the hourly Dst
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index (Sugiura and Poros 1971), but with a higher temporal resolution of 1 minute and

estimated using different station sets and coordinate systems.
1.5.3 Geomagnetically induced currents

Geomagnetically induced currents (GICs) are electrical currents generated on the Earth's
surface induced by rapid fluctuations in the geomagnetic field due to space weather events,
such as geomagnetic storms and substorms (Pirjola, 2000; Pulkkinen et al., 2017). The quick-
changing magnetic fields generally induce GICs through electromagnetic induction. The
spatially and temporally varying current systems in space induce geo-electric fields in the
ground through the application of Faraday's law of magnetic induction (Carter et al. 2015). GIC
generally operates within a frequency range of 0.01-0.0001 Hz, hence it can be considered as
aquasi-DC current. In general, GIC poses a risk directly to transformers (Albertson et al., 1973,
1974). However, during these periods, the presence of severely distorted exciting currents
contained significant levels of harmonics, posing a threat to the safe operation of other
equipment and the entire power system (Boteler et al., 1998). Overall, these currents can
interfere with the normal functioning of extended electrical conductor systems like electric
transmission grids, railroad tracks, and underground pipelines. In extreme cases, GICs can
cause blackouts, making them a significant concern for the power grid and other infrastructure
systems (Kappenman, 2005; Pulkkinen et al., 2005; Gaunt and Coetzee, 2007). The impact of
GICs on space weather is a growing concern. This has resulted in increased attention from
international policymakers, scientists, industry leaders, and the public, who are seeking

solutions to address this issue (Pulkkinen et al., 2017).
1.6 Aim and Scope of the Thesis

In the above sections, several research studies are cited in the context to the historical
development and state-of-the-art knowledge on each topic. It shall be noted that each topic and
sub-area under the solar wind-magnetosphere-ionosphere coupling presents some challenging

and unresolved problems, although an overview of several processes is understood quite well.

A motivation for this thesis work also originates from the past space weather research
studies conducted at NARL. Particularly the studies by Suresh and Dashora (2016) and
Dashora et al. (2019) have embarked upon some peculiar observations of ionospheric responses
during intense and super geomagnetic storms. The discussions on their results have led us to

find the sources of the equatorial and low latitude perturbations at high latitudes, which in turn
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sought a clearer understanding beginning from the drivers of the perturbations in the solar wind
structures, the magnetospheric processes and the high latitude processes as part of the complex
system. The strong foundation of the present understanding of the sun-earth connection and
space weather, fortunately, leads us to some very specific gap areas, open questions, and
unresolved issues. In this context, it has been noted that the extreme events of intense
geomagnetic storms and supersubstorms provide much better and potential opportunities to
search efficient pathways of energy and momentum transfer from the solar transient
perturbations to the magnetosphere and ionosphere.

Hence, this thesis aims to comprehensively understand the solar extreme transient events
like “Supersubstorms” and, focuses on obtaining quantitative relationships of the dominant
pathways of energy and momentum transfer from the solar wind to the magnetosphere and,
from the magnetosphere to the global magnetic perturbations. For this purpose, a literature
survey is carried out encompassing several research articles in the vast domain of solar wind-
magnetosphere-ionosphere coupling. It is found that the coupling functions which determine
the quality of interface between the solar wind perturbations and magnetosphere as well as
between the magnetosphere-ionosphere, have been estimated only for individual case studies

of the storms and substorms.

In particular, such studies are rarely found wherein energy flow from the solar wind to the
magnetosphere and in the ionosphere is analyzed robustly with a wide coverage of the sources
in the solar wind, its coupling with the magnetosphere, merging electric field, FACs and the
coupling scenarios and relationship with ionospheric sink and proportion of energy flow in
different sinks. In addition to this, the body of literature reporting the coupling during space
weather events mostly constituted evidence from observations of solar cycle 23 and the
previous solar cycles. Considering the fact that the solar cycle 24 has behaved very differently
than some of the previous solar cycles (of the space age), it is consciously decided to select the
observations of “Supersubstorm” events of solar cycle 24. This decision is also in conjunction
with the present understanding that the solar wind-magnetosphere coupling consists of the large

scales (convection and dynamo processes) and the short scales (e.g. electron/ion Kinetic scales).

Therefore, at first, an analysis is performed to decipher the difference between the
occurrence climatology of the Supersubstorms of solar cycle 24 and in the solar cycles 21-23.
With satisfactory evidence that the solar cycle 24 has exhibited the lowest number of

supersubstorms (no supersubstorm during the peak of the solar activity) in the above
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comparison (See Chapter 3 for details), a methodology is developed to trace the sources of the
Supersubstorms in the solar wind (using observations at L1-point) and compare several
coupling functions including the epsilon parameter and Borovsky functions, etc. for
quantifying the dynamics interaction between the solar wind and the magnetosphere. Further
in this methodology, the magnetosphere-ionosphere coupling parameters and indices like the
PCPD, PC indices, and the FACs are included. Then, the available solar wind power, power at
the input to the magnetosphere, and the power associated with the energy dissipation in the
form of Ring current (magnetospheric sink), Joule heating, and Auroral particle precipitation
(ionospheric sinks) are included in the computations. Also, detailed comparative and statistical
analyses are designed to properly designate the coupling and energy transfer of the
Supersubstorms in comparison to the geomagnetic storms and nominal (isolated) substorms
along with a large number of substorms. Further, considering that the intense magnetospheric
and ionospheric currents and associated disturbances, perturb the geomagnetic field, and also
drive the geomagnetically induced currents (GICs), are less understood in the light of the effect
of the extreme transient events. So, the global effect of the Supersubstorm events on the
geomagnetic field (H and D components) and the GICs is also aimed to complete the study of
the solar-wind-magnetosphere-ionosphere coupling during extreme events of Supersubstorms.
In addition to the above aims, it is highlighted in para above that the short-scale coupling
processes during magnetic reconnection like the kinetic electron scale (~hundred-meter scale)
and the ion scales (~a few kilometer scales) need to be investigated for better understanding.
This additional objective shall complete the overall framework of the solar wind-
magnetosphere-ionosphere (SW-M-1) coupling. Hence, the following objectives are framed for

this thesis in the above-mentioned background.

1. Study of the Solar-wind Magnetosphere and Magnetosphere-lonosphere Coupling
during supersubstorms of solar cycle 24 in the context of the identification of
sources in the Solar wind, energy transfer, and sink processes.

2. Study of the global impact of the Supersubstorm events on the geomagnetic field
(H and D components) and in the GICs in the context of deciphering the
magnetospheric and ionospheric contributions of the geomagnetic storm and
Supersubstorm origin.

3. Study of dynamics and flow of energy during magnetic reconnection process during

geomagnetic storm and substorm events.
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Research Plan for Thesis: Overview
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Figure 1.14: A schematic flow chart of the aim and scope of the research plan for the present
thesis. On the left column, a flow of the coupling processes that are aimed to study is given,
and the regions of research interest are annotated as a text box with arrows on a cartoon

depicting an artistic view of the sun-earth connection

Hence, in light of the above objectives, the scope of the present thesis is to examine the
intricate interactions between the solar wind, magnetosphere, and ionosphere during
geomagnetic storms and substorms, with a focus on extreme events like moderate-intense
storms and supersubstorms (see Figure 1.14). The primary focus will be on identifying and
characterizing the key physical processes that contribute to the coupling between the solar
wind, magnetosphere, and ionosphere during these events. Geomagnetic storms and substorms
are crucial space weather phenomena that can significantly impact delicate technological
systems such as satellites, power grids, communication networks, and international space
stations. Therefore, it is essential to investigate the mechanisms of their origin, evolution, and
impacts on the magnetosphere-ionosphere system. Hence, the research studies of this thesis are
open to perform a robust and comprehensive analysis of all the Supersubstorms during Solar
cycle-24, which was the weakest in the space age. Analyzing the coupling processes in the
magnetosphere-ionosphere system during a series of storms may have important implications

for predicting and mitigating the effects of space weather on technological systems.

Researchers have proposed various methodologies to estimate the solar wind-
magnetosphere and magnetosphere-ionosphere coupling processes, but validating them is a
crucial task. It is important to note that these methodologies are suitable for describing coupling
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processes during specific conditions of the solar wind-magnetosphere-ionosphere system.
Connecting studies from the sun to coupling mechanisms, magnetosphere responses, and
magnetometer responses to GICs is a challenging task, and only a few studies have
accomplished this. Additionally, studying the morphological structures of the H and D
components during geomagnetically disturbed periods is important for understanding the ever-
changing geomagnetic field, which is a critical part of sustaining life on Earth. Thus the scope
of the thesis covers the above-mentioned specific tasks to arrive a conclusive and appropriate

evidence.

Apart from the large-scale processes, the kinetic-scale processes of coupling are also a
gap area in this field of research, especially magnetic reconnection, which is a controlled
nuclear fusion occurring in the Earth's magnetopause and magnetotail. This is still a burning
area of research. With the launch of magnetospheric satellites like MMS by NASA, and
ongoing observations from the ESA-Cluster, and NASA-THEMIS spacecrafts, it is now
possible to describe and understand the Kkinetic-scale processes occurring inside the
reconnection regions. To study the physical processes that cause magnetic reconnection,
determining structures and dynamics inside the electron diffusion region (EDR) with
sufficiently high-resolution plasma and field measurements is necessary, beyond the
capabilities of previous spacecraft missions that have encountered the EDR. This thesis aims

to address the gap area mentioned above.

The thesis is organized into Six chapters beginning with this Introduction chapter as
Chapter 1. Chapter 2 is written to describe different observations and data sets including the
details of the state-of-the-art methods and formulae to analyse these observations. Chapter 3,
Chapter 4, and Chapter 5 are dedicated to giving detailed descriptions of the studies performed
for this thesis respectively under the above-mentioned three objectives. Finally, Chapter 6
provides an overall Summary of all the new results obtained during the course of all the above
studies. This chapter also provides future scope and applications of the new results in achieving
a better understanding of the solar wind-magnetosphere-ionosphere coupling with a few
particular well-defined objectives. The chapters follow three Appendices, A, B, and C, which
are integral parts of the studies described respectively in Chapters 3, 4, and 5. An exhaustive
list of all the references cited in Chapter 1 through Chapter 6 is compiled and arranged in
alphabetical order with all the bibliographic information. Finally, a list of peer-reviewed
publications and a list of conference papers presented, as an outcome of the thesis work are

given.
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CHAPTER 2

Data Analyses
and
Methodology

“To measure is to know. If you cannot measure it, you cannot improve it.”

-Lord Kelvin
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2.1Introduction

The aim of this thesis is to investigate the complex interplay between the solar wind,
magnetosphere, and ionosphere during geomagnetic storms and substorms. To perform a
robust and vivid analysis of all the phenomena associated with all these parts separately, a
variety of data sources and methodologies are employed. In this chapter, we attempted to probe
the solar wind-magnetosphere-ionosphere system systematically one after another with the
help of a range of ground-based and space-based instruments, including magnetometers,
RADARs, and satellites. In some other cases, several estimations propounded in previous
works of literature are employed to understand the responses of the solar wind-magnetosphere-

ionosphere system during extreme space weather events.

2.2 Observations of interplanetary parameters and geomagnetic indices

All the observations related to the solar wind and interplanetary parameters are obtained
from the Advanced Composition Explorer (ACE) spacecraft located at the L1 point in the
interplanetary space between the Earth and the sun. The X, Y, and Z components of the ambient
electric field (E), magnetic field (B), and the plasma parameters like the pressure (P), velocity
(v), proton density (p), temperature (T), plasma beta (), etc are directly extracted from
NASA/GSFC's OMNI data set through OMNIWeb
(https://omniweb.gsfc.nasa.gov/form/omni_min.html) at a cadence of 1 min (Papitashvili &
King, 2020). The data related to the geomagnetic indices like AE, SYM-H, and PC are directly
obtained from NASA-OMNIWeb (https://omniweb.gsfc.nasa.gov/). The SML/SME indices
are obtained from the website of SUPERMAG (https://supermag.jhuapl.edu/indices/). As
described in section 1.5.2, all these indices are derived from the H-component observations
from different bands of strategically placed magnetometers.

The initial point of analysis for Chapters 3, 4, and 5 is based on the observations pertaining
to interplanetary parameters and geomagnetic indices. These observations serve as a foundation

for further investigations conducted in those chapters.

2.3 ldentification of solar wind drivers

As discussed in section 1.2.1 the solar wind drivers are segregated according to several

physical parameters. To quantify and categorize them, several schemes have been proposed by
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researchers. Below, we will present two such schemes used to identify the solar wind drivers

during a geomagnetic storm.

Table 2.1. Criteria to define streams of the solar wind plasma to be classified into different
types (Yermolaev et. al. 2009). (SW=solar wind; P=pressure; N=proton density; V=SW bulk
velocity; T=SW temperature; Texp=SW expected temperature; = plasma beta parameter;
k=Boltzmann constant; DN = Increments (gradients) of density; DB = Increment in magnetic
field magnitude; DV6 = Increment in velocity on an interval of 6 hours)

SI. | SWtype |P N Vv B T/Texp NKT B Dv6 |DN | DB
No
Unit nPa | /cm® | km/s | nT Jiem?® km/s |/cm® | nT
1 HCS 5 >7 | <500 >0.7
2 SLOW 3 >3 | <450 <1
3 FAST 3 <20 | >450 <1
4 CIR/ 5 >3 >5 | >1 >0.007 | >1
SHEATH
5 EJECTA |4 <10 <0.5 <0.01 |<0.5
6 MC 5 <10 >10 | <0.5 <0.01 |<0.5
7 RARE 4 <1 <500 <1 <0.01
8 IS >50 >2 >2
9 ISA <50 (<2 |<-2

To validate the scheme provided by Yermoalev et al. (2019) and gain confidence in the
sources of the perturbations in solar wind during geomagnetic storms, another classification of
solar wind drivers given by Adekoya and Chukwuma (2018) is also considered. This
classification mainly focuses on disturbed plasma streams and their intricate and complex

drivers, as listed in Table 2.2 below.
All the estimations regarding the solar wind drivers are made using observations from

NASA-OMNIWeb (https://omniweb.gsfc.nasa.gov/). These methods are used to quantify the
solar wind drivers and associated analysis presented in Chapter 3.
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Table 2.2. Characteristics of the solar wind parameters and their types (see Adekoya and

Chukwuma, 2018 for details) (p=proton density; all other symbols are as given in Table 2.1).

SWitype ([Bz | T P \Y/ B

MC >10 | <4,00,000 | <10 | >450 <0.8
S+MC >10 | <4,00,000 | <10 | <450 <0.8
S >10 | <4,00,000 | >10 | Unspecified | <0.8
S+E >10 | Unspecified | >10 | Unspecified | >0.8
E <10 | >4,50,000 |>11 | >450 >0.8

2.4 Estimations of parameters related to energy sources, coupling, sinks, and

partitioning

The past studies on the solar wind-magnetosphere-ionosphere coupling have led to the
advanced formulations to determine the solar wind Kkinetic energy that is available for the
earth’s magnetosphere, the actual input energy, and the dissipated energy through different
channels in the magnetosphere-ionosphere system (e.g. Burton et al. 1975; Perrault and
Akasofu 1978; Kan and Lee 1979; Akasofu 1981; lijima and Potemra 1982; Nishida, 1983;
Gonzalez 1993; Valdivia et al. 1996; Mac-Mahon and Gonzalez 1997; O’Brien and McPherron
2000; Ostgaard et al., 2002; Borovosky 2008; Li et al. 2012; Guo et al., 2012; Tenfjord and
@stgaard 2013 and references therein, Adhikari et al. 2019). The rate of change of energy
defines the available and dissipated power for a given interval of the geomagnetic storm or
substorm. A literature survey is performed to obtain the latest validated formulae for the
estimation of the power at different phases of the solar wind-magnetosphere-ionosphere
interactions. The estimation of all the power and energy terms for this study is performed with
1-hour cadence observations through OmniWeb (https://omniweb.gsfc.nasa.gov/). The
estimations and models demonstrated in this section are used to carry out the analyses presented
in Chapter 3.

2.4.1 Available solar wind power

The cross-section of the earth’s magnetospheric cavity provides us with the transferrable
kinetic energy flux of the solar wind. There were efforts in many previous literatures to quantify
it (Spreiter et al., 1966; Holzer and Slavin, 1979; Sibeck et al., 1991; Monreal-MacMahon;
Gonzalez, 1997; Shue et al., 1997; Shue and Chao, 2013; Hajra et al., 2014; Adhikari 2019).
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The magnetic and thermal energies in the solar wind are generally neglected because they are
usually 1 or 2 orders of magnitude smaller than the kinetic energy (Tenfjord and @stgaard,
2013). Conventionally, Weiss et al. (1992) suggested using magnetospheric cross-section area
(A) ~30 Re?, where Re is the radius of the Earth. However, Mac-Mahon and Gonzalez (1997)
found a reduced cross-section under dynamic solar wind pressure and compression of the
magnetosphere. In this thesis, the available kinetic energy flux of solar wind power is estimated
by
Uy, (watt) = (%) pv3A  (equation 1)

where p (kg/m?®) is the mass density and v (km/s) is the bulk velocity of the solar wind. A
(m?) is the cross-sectional area of the dayside magnetopause assuming a cylindrical symmetric
configuration (GSM coordinate system). We have used A = 1t X (r, X 2%)?; from Li et al.
(2012); where r, represents the standoff distance at the subsolar point and o represents the
level of tail flaring (Shue et al. 1998).

2.4.2 Solar wind-magnetosphere coupling

The Epsilon parameter: The large-scale solar wind magnetospheric coupling parameter has
been estimated empirically because there is no direct method available. Historically, Perrault
and Akasofu (1978) and Akasofu (1981) have provided an empirical transfer function known
as the epsilon parameter. Later on, many studies have found that the constant value of the linear
dimension of the effective area of interaction (1,=7Re) between the magnetosphere and the
solar wind used in their formula has remained a source of error in the computations. However,
some of the studies like Nishida (1983), Mac-Mahon and Gonzalez (1997), Lu et al. (1998),
Vichare et al. (2005), and Li et al. (2011) have attempted to improve the estimation of 1,. They
proposed to use the Chapman-Ferraro magnetopause distance (Lcr) as 1,. Lcr has been obtained

from the pressure balance equation between kinetic solar wind plasma pressure and pressure

B3

4TIpV?2

of the geomagnetic field and can be given by Lcg (m) = ( )(Rg), where By, is the earth’s

magnetic field strength, in general, ~3x 10~° T. Recent studies like Tenfjord and @stgaard
(2013) have proposed the use of the dynamic effective area of interaction and the stress tensors
to estimate the Solar wind input power. Apart from this, the solar wind energy transfer
mechanism due to cross-field diffusion by resonant wave-particle interactions at the dayside

magnetopause during intense northward IMF has also been proposed (Shi et al., 2007 and
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references therein). However, this is unlikely to be the main coupling process for the present
study and hence is not considered.

In the present study, we have used the formula for the epsilon parameter with 1, = Lcr
(Li et al. 2012) given by

4anzsin4(§)lﬁ

€ (watt) = (equation 2)

Ho
where v, B, e, and |, are the solar wind velocity, total interplanetary magnetic field (IMF),

magnetospheric clock angle, and the linear dimension of the effective area of interaction
between the magnetosphere and the solar wind, respectively.

The Borovsky parameter: Borovsky (2008) propounded the solar wind-magnetosphere

coupling rate (R), which has been derived from the first principles, given below.

0.81°55in(2)pov3(1+0.5Mps)
R (km nT/seC) = e i 89 o) (189 2+ 1))

where Bs = 3.2 X 1072M} % is the plasma beta value of the magnetosheath plasma near the

(equation 3)

1 _1

o~ 1\ . : : _ _
nose; C = ((Z) +m) 6 IS the compression ratio of the bow shock; Cys =

(v2 +2—§)1/2 is magnetosonic speed; My = (poHo )Y/? vo/By and Mys = v,/Cys are the

Alfvenic and Magnetosonic Mach numbers respectively; p, and v,, are the upstream solar wind
mass density and bulk velocity respectively. Here, py is the dayside magnetospheric mass
density, however, Borovsky et al. (2008) proposed this value to be zero.

The Newell parameter: Newell et al (2007) proposed a nearly universal coupling function
deduced from about 10 magnetospheric state variables. The coupling function represents the
rate of magnetic flux opened at the magnetopause which is given by

domp vng(sin(ﬁ))g (equation 4)
dt T 2
The reconnection electric field: Another important parameter in the context of the coupling

is the reconnection electric field (Er) (Kan and Lee, 1979), given by Ey =

VswByz [sinzg] (mV/m), where, Vs is the velocity of the solar wind, 6 = tan‘1§ and
VA

By, (nT) = /Byz + B, respectively are the clock angle and component of the IMF in the Y-

Z plane and the northward and southward components are respectively given by 0° and 180°

values of the 6.
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2.4.3 Magnetosphere-ionosphere coupling

As mentioned in section 1.5.2, the magnetosphere-ionosphere coupling can be defined
using the polar cap potential drop (PCPD) and field aligned currents (FAC), as detailed in past
studies. For example, Boyle et al. (1997) have provided an empirical relationship to derive
PCPD (@g) which is given by -

P (kV) = 10~*vZ,, + 11.7Bsin3 (g) (equation 5)
However, the calculation of large-scale FAC was performed using the following

formula given by lijima and Potemra (1982)

1 1/2
FAC (uAm=2%) = 0.328 [n(E)VSWBT sin (%)] + 1.4  (equation 6)

where By = [B,* + B,?]? and n (cm?) is solar wind number density.

2.4.4 Power dissipation through ring current

A dominant energy sink in the magnetosphere is formed through the ring current. The
Dst index has been customarily used as a proxy for the intensity of the ring current. However,
a few corrections have been needed for the calculation of the Dst index considering other
magnetospheric current systems like the magnetopause current, cross-tail current, and ground-
induced current which are reviewed by Maltsev (2004).

In the recent literature, a corrected Dst formula is used, beginning with the formula

given by Burton et al. (1975). They have corrected for the magnetopause current by
1

Dst* = Dst — ng + c; where Dst™ is the pressure corrected Dst term, Pq is solar wind the

dynamic pressure. The coefficients b and ¢ have been given by O’Brien and McPherron (2000)
and Li et al. (2012), respectively, and are used in the present study with b=7.26 (nT nPa‘*?)
and c=11 (nT). Finally, following Turner et al. (2001), a corrected Dst index (Dst™) is estimated
by scaling down the Dst™ by 54% to remove the contributions from cross-tail currents and
ground-induced currents.

The dissipated power through ring current is calculated in this thesis by using the

formula given by Li et al. (2012) denoted by U,

dDst** Dst**

U, (gigawatt) =-4x 10%( — —)

(equation 7)
Where, 1 denotes the ring current decay time, which has been expressed in different

static and dynamic formulations in the previous studies. Before arriving at a final formula of t,
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the eleven most used models of t are examined (see Table 2.3 below). Four models are found
to agree well with each other (in the study of substorms presented in Chapter 3) which have
been given by Burton et al. (1975) (t=7.7 h), Valdivia et al. (1996) (t=12.5/(1-0.0012Dst) h),

9.74

O’Brien and McPherron (2000) (==2.4e#&+vE'h) and Xu and Du (2010)
(= :

[0.1+3%x10~*xe (gigawatt)]
McPherron (2000) is mostly used for the estimation of dissipated power through ring current

(Up).

h); where h=hours. In this thesis, the T model of O’Brien and

Table 2.3: Eleven types of models estimating Ring current decay time (1)

Model Decay time 1 (h) Reference
1. DP-1967 T Dst (nT) Davis and
5 Dst>-50 Parthasarathy [1967]
7 -20>Dst>-30
10 -30>Dst>-40
24 -40>Dst>-50
10 <50
2. BM-1975 7.7 Burton et al. [1975]
3. PA-1978 T € (GW) Perrault and
20 <500 Akasofu. [1978]
1 >500
4. A-1981 T e (GW) Akasofu [1981]
20 <100
6 <500
3 <1000
1 <5000
0.3 <10000
0.2 >10000
5. G-1989 T Dst (nT) Gonzalez et al
4 Dst>-50 [1989]
0.5 -50>Dst>-120
0.25 Dst<-120
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6. G-1993 T Dst (nT) Gonzalez [1993]
4 Dst>-50
2 -50>Dst>-100
1 -100>Dst>-200
0.5 -200>Dst>-300
0.25 <300
7. VS-1996 12.5/(1-0.0012Dst) Valdivia et al. [1996]
8. L-1998 T Dst (nT) Lu et al. [1998]
4 <-30
8 -50< Dst<-30
20 >-50
Q. OM-2000 2.4e[ﬁ] O’Brien and
McPherron [2000]
10. ML-2008 ( % & MacMahon and
Llop-Romero [2008]
11. XD-2010 1 Xu and Du [2010]
(0.1 +3x107* x € (GW))

A comparative plot of dynamical variations of the ring current calculated from the 11

selected ring current models is given in Appendix-A, supporting information (SI-3).

2.4.5 Power dissipation through Joule heating

The previous studies demonstrate that the direct measurements of ionospheric electric
fields and conductivities using rocket-born instruments (Evans et al., 1977) or the incoherent
scatter radars (Wickwar et al., 1975) can only provide Joule heating integrated over a small
area. As both the currents and electric fields in the magnetosphere-ionosphere coupling region
can be monitored using geomagnetic perturbations, geomagnetic proxies such as AE and PC
indices have been used as a first approximation measure of the global Joule heating (Akasofu,
1981). Also, the global Joule heating has been found closely related to the indices that give
auroral evolutions and disturbances with the availability of larger data sets from radars and
magnetic measurements (Ahn et al.,, 1983; Baumjohann and Kamide, 1984) and the
assimilative mapping of ionospheric electrodynamics (AMIE) procedure (Richmond et al.,

1990; Lu et al., 1998). It is also now well accepted that the auroral electrojet indices show
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seasonal variations (Russell and McPherron, 1973; Kamide and Akasofu, 1983; Lu et al.,
1995), such that the activity maximizes during equinox and minimizes during the solstice. The
estimation of Joule heating has been known to depend upon the method and experimental
technique (Guo et al., 2012). The theoretical and experimental methods of calculation of energy
dissipation through Joule heating have been improved by various studies (Weimer et al., 2005;
Richmond, 2010; Vanhamaki et al., 2012; Rastétter et al. 2016 and references therein).

The energy partitioning studies have mostly used empirical estimates of the power
dissipation through Joule heating based upon AE and different expressions have been given for
solstices (U;(gigawatt) = 0.54AE + 1.8) by Ahn et al (1989) and Richmond et al., (1990).
Ahn et al. (1983) have given the following equation for both hemispheres during equinoxes.
These expressions have been used extensively in many studies (Palmroth et al. 2005; Li et al.
2012).

Uj(gigawatt) = 0.46AE (equation 8)

Another method proposed by Knipp et al. (2004) using the PC index with the Sym-
H/Dst indices has been used in previous studies like Turner et al. (2009); and Hajra and
Tsurutani (2018). This method provides a different formula in the context of seasonal
background at high latitudes, which is an important aspect of north-south asymmetry. The
formulae are given as follows and are used in the present study to estimate the dissipated power
by global Joule heating (U;), where PC is the polar cap index (Troshichev and Janzhura, 2012).

Uj(gigawatt) = 13.36PC + 5.08PC? + 0.47Dst +.0011Dst? (winter: 21 Oct — 20 Feb)
U;(gigawatt) = 29.27PC + 8.18PC? — 0.04Dst +.0126Dst* (summer: 21 April-20 Aug)
U;(gigawatt) = 29.14PC + 2.54PC? + 0.21Dst +.0023Dst* (equinox: 21 Feb-20 April)

(equation 9)

In this thesis, we have compared one set of formulae of Joule heating associated with AE
indices (Ahn et al. 1983; Ahn et al. 1989; Richmond et al.1990) with another set of formulae
associated with PC indices (Knipp et al. 2004).

2.4.6 Power dissipation through auroral particle precipitation

The power dissipation by the auroral particle precipitations had been estimated by several
studies (Cole, 1962, 1971; Rees, 1975) and is found to be linearly related to the AE index
(Akasofu, 1981; Spiro et al., 1982; Ahn et al., 1983; Richmond et al., 1990; Lu et al., 1998).

@stgaard et al. (2002) used X-ray and UV emissions to derive the dissipation through auroral
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particles from 0.1 to 100 keV electron energies in the northern hemisphere. Considering both
the hemispheres, they gave an estimation of auroral dissipation rate (Ua) given by

U, (gigawatt) = 2 X (4.4VAL — 7.6) (equation 10)
Li et al. (2012) have also used this formula and the same is used in most of the cases in this
thesis.

By comparing this result with the previously used parameterized methodologies based on

AE or AL, Tenfjord and Ostgaard (2013) found that most of those methods underestimate Ua
significantly which may be due to the reason that those old parameterized methods were
developed by using data that only cover electron energies up to 20-30 keV. Hence, instead of
a linear relation reported before, they argued that a non-linear relation is more appropriate.
They also rewrote the above equation using the SUMERMAG lower (SML) index using the
same methodology.

U, (gigawatt) = 2 x (4.1v/SML — 9) (equation 11)
We have compared the results from both the above formulas, which provide similar variation
in Ua.
2.4.7 Other energy sinks and net energy sink

Eventually, the power dissipation through major sinks in the ionospheric regions U; = U; +
U, and the total power dissipation U, through major magnetospheric and ionospheric sinks is
equal to the sum of U; and U, ie. U=U; + U, + U,. It shall be noted that the input and
dissipated power of different channels are integrated with respect to time, to obtain the
respective input and dissipated energies. However, during extreme events, the energy can also
dissipate through other minor channels such as plasmoid ejections, post-plasmoid plasma
sheet heating, relativistic electron precipitation and heating, formation of substorm
current wedge, charge inflow-outflow-exchange mechanism, etc.

The energy dissipated through plasmoid ejection and post-plasmoid plasma sheet retains a
considerable share of the energy budget (Slavin et al., 1993, leda et al. 1998; Koskinen and
Taskanen, 2002), however, the computation of the same has not been directly possible yet.
However, the total energy dissipation through plasmoid ejection and direct loss through post-
plasmoid plasma sheet heating have been considered together to be ~ 10 J (Li et al. 2012).
About the energy flux of relativistic electrons due to precipitation and heating, Lu et al. (1998)
have found that about 1% of the epsilon parameter is dissipated in this process. Likewise, the
consumption of energy in the formation of the substorm current wedge also contributes as a
minor sink (Belehaki et al. 1995). Baker et al. (1997) argued about <1% of the magnetospheric
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dissipation happens through the minor sinks such as substorm current wedge formation, auroral
kilo-metric radiation, ultra-low frequency (ULF) magnetic field oscillations, charge inflow and
outflow, dayside losses, etc.

In some works in this thesis, the total energy dissipation through plasmoid ejection and
direct loss through post-plasmoid plasma sheet heating has been considered together to be ~
10 J. Also, about 1% and <1% of the total input energy considered to be dissipated through
the relativistic electrons and other minor sinks, respectively.

2.4.8 Energy transfer efficiency and ratio

As noted above, the respective energies, namely available solar wind energy, input
energy, and total sink energy are obtained by integrating the calculated power for the duration
of the supersubstorm events. The energy transfer process across the solar wind-magnetosphere-
ionosphere system can be defined from two coupling efficiencies following Li et al. (2012).
Using the energies calculated by integrating the respective power terms, the efficiencies el

(input efficiency), e2 (dissipation efficiency) and e3 (ratio of sink energies) can be defined as

input ener total sink ener
el =— P &Y ; e2 = ——— 28 ang e3 = — — .
available solar wind energy input energy ionospheric sink energy

magnetospheric sink energy

2.5 Observations from magnetospheric satellites

2.5.1 In-situ observations

Since the beginning of the Space age (October 4, 1957), demarked by the launch of the
Soviet Union's Sputnik 1 satellite, there have been many different types of satellites launched
into space for a variety of purposes such as communication, navigation, probing the weather
and climate, observation of the solar-terrestrial elements, and probing the astrophysical bodies,
etc. In the last few decades, several magnetospheric satellites such as Cluster (2000), IMAGE
(2005), TWINS (2006), THEMIS (2007), @rsted (2010), VAP (2014), MMS (2015), ERG
(2016), etc have been launched by the space agencies from different countries of the world to
probe the large and small scale dynamics of the magnetosphere. For the scope of this thesis,
we have taken observations from MMS, THEMIS, and Cluster, which can be directly obtained
from NASA-SPDF (https://cdaweb.gsfc.nasa.gov/). Most of the following descriptions are

obtained from the mission websites and technical papers.
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25.1.1 Observations from the MMS

NASA (The National Aeronautics and Space Administration) launched the
Magnetospheric Multiscale (MMS) Mission on March 13, 2015, which involves four identical
spacecraft that fly in a tetrahedral formation to study the Earth's magnetosphere (see
“https://lasp.colorado.edu/mms/sdc/public/” for details on the MMS mission and payloads).
The mission aims to collect data on the microphysics of various processes associated with
astrophysical plasmas, including magnetic reconnection, turbulence, and energetic particle
acceleration. The sensors inside MMS provide unprecedented high-resolution in-situ
observations, which are very useful to study small ion, and electron scale processes inside

Earth’s magnetosphere.

Figure 2.1: An artistic depiction of the four MMS spacecrafts encountering the Earth’s

magnetosphere (credit: https://en.wikipedia.org/wiki/Magnetospheric_Multiscale_Mission)

Payloads and sensors: The sensors inside each spacecraft carry out several experiments.
Those are classified into three suites- the Hot Plasma Suite, the Energetic Particles Detector
Suite, and the Fields Suite. The Hot Plasma Suite takes in-situ observations related to
plasma particle counts, directions, and energies during magnetic reconnection. It consists of
two instruments namely the Fast Plasma Investigation (FPI) and Hot Plasma Composition
Analyzer (HPCA). The Energetic Particles Detector Suite is for detecting particles having
energy ranges far exceeding those detected by the Hot Plasma Suite. It consists of two
instruments namely the Fly's Eye Energetic Particle Sensor (FEEPS) and Energetic lon
Spectrometer (EIS). The Fields Suite provides measurements of magnetic and electric fields
and consists of six instruments, namely, Analog Fluxgate magnetometer (AFG), Digital
Fluxgate magnetometer (DFG), Electron Drift Instrument (EDI), Spin-plane Double Probe
(SDP), Axial Double Probe (ADP) and Search Coil Magnetometer (SCM).
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In this thesis, we have used observations from FGM, FPI, EDI, SDP, and ADP. A short
description of the payloads and associated sensors are given below with respective lead
publication. The MMS website hosted at Colorado University also provides details of the
mission, payloads, and data sets (https://lasp.colorado.edu/mms/sdc/public/).

e FGM: The FGM (Torbert et al., 2016) consists of an Analog Fluxgate Magnetometers
(AFG) and a Digital Fluxgate Magnetometer (DFG). These provide redundant observations
of the magnetic field and associated structures in the diffusion region.

e FPI: The FPI (Pollock et al., 2016) includes two sets of sensors, the Dual lon Sensors and
Dual Electron Sensors, which are capable of measuring ion and electron flux distributions
in three dimensions. These measurements cover an energy range of approximately 10 eV to
30 keV and have an energy resolution of 20%. The sensors can provide electron
measurements with a time resolution of 30 ms and ion measurements with a time resolution
of 150 ms.

e EDI: The EDI (Lindgvist et al., 2016) measures the electric and magnetic fields by analyzing
the drift of electrons with an energy of approximately 1 kilo-electronvolt emitted from the
Gun Detector Unit (GDU). To transmit and receive data, each GDU uses a designated beam
that is coded and exchanged with the other EDI-GDU.

HPCA (1X)
FPI-DIS (4X) \

EDI-GDU (2X)

EIS (1X)— 228

SDP (4X)— }
FEEPS (2X)

Not shown: ™~ Magnetometer Boom (2X)
ADP Boom (2X) w/ AFG, DFG. and SCM
(stowed)

Figure 2.2: A schematic view of an MMS spacecraft with the payloads is shown. (Figure

Courtesy: https://mms-fields.unh.edu/mms_payload.shtml).

EDP: To measure the electric fields two sets of double probe sensors are used

(Lindqvist et al., 2016). The Spin-plane Double Probe (SDP) consists of four wire booms
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measuring 48 meters in length and spherical sensors at their ends. The other set is the Axial
Double Probe (ADP), which has two 10-meter antennas deployed axially close to the spacecraft
spin axis. Together, the SDP and ADP provide accurate 3-Dimenbtional electric field
measurements in a range from DC to 100 kHz. The SDP has an accuracy of 0.5 mV/m, while
the ADP has an accuracy of 1 mV/m. Together with the Axial double probe instrument (ADP)
and the Electron Drift Instrument (EDI), SDP consists of 4 biased spherical probes extended
on 60 m long wire booms 90° apart in the spin plane, giving a 120 m baseline for each of the

two spin-plane electric field components.

2.5.1.2 Observations from the THEMIS

The Time History of Events and Macroscale Interactions during Substorms (THEMIS)
mission was initiated by NASA in February 2007, consisting of a group of five satellites
namely THEMIS-A, B, C, D, and E. The main objective of this mission was to explore the
mechanism of energy release, flow, and transfer in the magnetosphere-ionosphere system
during substorms, and the dynamics associated with the change in the net magnetic field during

the intensification of aurorae near the poles of the Earth.

2x ~5m long axial EFI booms

1m long SCM boom

2m long FGM boom

4x ~20m long radial EFI booms

Figure 2.3: A schematic view of a THEMIS spacecraft with the payloads is shown. (Figure
credit: https://www.nasa.gov/mission_pages/themis/spacecraft/index.html)

While three of the satellites revolve around the Earth within the magnetosphere, the
other two have been strategically transferred to the Moon's orbit, and have been renamed as
ARTEMIS (Acceleration, Reconnection, Turbulence and Electrodynamics of the Moon's
Interaction with the Sun). THEMIS-B was later named ARTEMIS-P1, and THEMIS-C became
ARTEMIS-P2. Each satellite consists of five identical instruments, namely, the Electric Field
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Instruments (EFI), the Electrostatic Analyzer (ESA), the Fluxgate magnetometer (FGM),
the Search-coil magnetometer (SCM), and the Solid State Telescope (SST). In this thesis,
the observations from the EFI, ESA, and FGM are taken and analyzed.

A short description of these three payloads is given below-

e EFI: The EFI (Bonnell et al., 2008) sensor is capable of measuring electric fields across a
broad spectrum of frequencies, ranging from 8 kHz to 400 kHz. Its primary objective is to
gather data on the electric fields present in the ever-changing magnetosphere of the Earth,
to detect plasma flows and electromagnetic waves that are linked to the onset of a substorm.

e ESA: The ESA (McFadden et al., 2008) captures the particle distribution function which
indicates the number of electrons and ions detected with specific energy levels, from a given
direction and at a particular time, typically ranging from around 3 electron volts to 30 kilo-
electron volts. The primary objective of the ESA is to track and identify high-speed flows
through the magnetotail, as well as pressure pulses, by measuring thermal electrons and ions
which are primarily responsible for creating spectacular auroras. This helps in determining
the density, velocity, and temperature of the ambient plasma which ultimately aids in
identifying the onset of a substorm.

e FGM- FGM (Auster et al., 2008) measures the background magnetic field and any low
frequency (~ up to 64 Hz) fluctuations superimposed upon it to identify and time the abrupt
reconfigurations of the magnetosphere during substorm onset. The instrument will be used
to identify and time the abrupt reconfigurations of the magnetospheric magnetic field that

occur at substorm onset.

2.5.1.3 Observations from the Cluster

The European Space Agency (ESA) with some participation from NASA envisaged,
designed, and launched the Cluster (Escoubet et al., 2001). This spacecraft aimed to observe
the dynamics of the Earth's magnetosphere for almost two solar cycles. The mission comprises
four identical spacecraft arranged in a tetrahedral formation. Following the loss of the original
Cluster spacecraft during a launch accident in 1996, the whole project was redeveloped again
and four Cluster Il spacecrafts were successfully launched in July-August 2000. Cluster has
been conducting fruitful scientific operations in space for more than 22 years, and, as of March

2023, the mission has been extended until September 2024.
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The sensors present inside each spacecraft are- Active Spacecraft Potential Control
experiment (ASPOC), Cluster lon Spectroscopy experiment (CIS), Digital Wave Processing
instrument (DWP), Electron Drift Instrument (EDI), Electric Field and Wave experiment
(EFW), Fluxgate Magnetometer (FGM), Plasma Electron and Current Experiment (PEACE),
Research with Adaptive Particle Imaging Detectors (RAPID), Spatio-Temporal Analysis of
Field Fluctuation experiment (STAFF), Wide Band Data receiver (WBD) and Waves of High
Frequency and Sounder for Probing of Density by Relaxation (WHISPER). Out of these, the
observations from the EFW, FGM, CIS, and PEACE are taken and analyzed. A short

description of these four sensors is given below-

e EFW: The EFW (Escoubet et al., 2001) gives the magnitude and direction of the ambient
electric field. To measure the electric field, EDI inside the EFW launches two beams of
electrons from each spacecraft, which then travel in orbits of at least 10 km before returning
to receivers on the opposite side of the spacecraft. By analyzing the direction of the fired
beams and the time it takes for the electrons to travel and return, the strength of the electric
and magnetic fields surrounding the Cluster spacecraft is estimated, which helps us to
quantify the electric field vector, potential, electron density, and temperature.

e FGM: FGM (Riedler et al., 1997) is an instrument that consists of two magnetometers used
to detect and measure the magnetic fields. To prevent any interference from the spacecraft,
FGM is mounted on a five-meter-long boom. It can record magnetic field measurements up
to 67 times per second.

e CIS: CIS (Reme et al., 1997) investigates and examines the composition, mass, and
distribution of particles (basically ions) it encounters. It consists of two different
instruments, a Hot lon Analyser (HIA) and a Composition and Distribution Function
analyzer (CODIF), along with a highly advanced instrument control and data processing
system that allows for extensive onboard data analysis.

e PEACE: As the CIS investigates ions, the PEACE (Riedler et al., 1997) looks at the 3-D
distribution of electrons in the plasma. It also examines their energy ranges, counts them,

and measures the magnitude and direction of their flow.

2.5.2 Estimation of kinetic scale coupling parameters

Quantifying the kinetic scale coupling parameters is necessary to understand the

electron and ion-scale processes (like magnetic reconnection) happening inside electron and
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ion-scale regions like EDR and IDRs in Earth’s magnetosphere. The observations from this
section are used in Chapter 4 to study the dynamics of the reconnection regions during the 31

December 2015 geomagnetic storm.
2.5.2.1 Estimation of FAC

In general, the FACs can be calculated using the Curlometer method (Dunlop et al.,
2002) and the plasma method (Cheng et al. 2016). The Curlometer method uses the geometry
of the face of the tetrahedron to apply Ampere’s law and derives the current density normal to
the face (see Dunlop et al., 2021 and references therein). This technique has been widely used
in many prior studies (Shi et al. 2010; Phan et al. 2016; Cheng et al. 2016; Nakamura et al.
2018) to calculate the FACs.

The formula for the Curlometer technique is based upon Ampere’s law as derived by

Dunlop et al. (2002) (see figure 2.4).

J.B o) B
Jiw =15 = ”I‘;,I (equation 12)

Where j is the current density (NnA/m?), o is the magnetic permeability (4 x 107" H/m), B is
the magnetic field in the barycentre (nT), and j;(g) (nA/m?) is the FAC density parallel to the

magnetic field calculated using the Curlometer method.

Figure 2.4: A schematic view of the Curlometer method applied on tetrahedral spacecraft
formation to determine FACs. The R1-R4 represent the spacecraft positions in the 3-D and jxy:
represents the current vectors perpendicular to the respective facet of the tetrahedral (see Dunlop
et al. 2002, for details).
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The FACs are also estimated using the plasma method observations (Cheng et al. 2016;

Chen et al. 2019), which can be given by
jll(plasma) = ne(VHi - V||e) (equation 13)

WhEre j|piasma) 1S the FAC density, n (/m®) is the plasma number density with an assumption
that the number of ions is equal to the number of electrons (i.e. ni = ne), e is the unit electric
charge (Coulomb), and V};;(V}je) is the ion (electron) bulk velocity along the magnetic field.

SO0, jjiiy = neVy; and jj ) = neVje, respectively represent ion FAC and electron FAC.
2.5.2.2 Estimation of electric fields and power

The total electric field in a multi-fluid space like the magnetosphere can be expressed
as a sum of five terms, which arise from the contributions of the ambient, reference frame-
dependent, Hall, Inertial, and Pressure-gradient electric field (Torbert et al. 2016; Macek et al.
2019a; 2019b). The first and second terms are classical, whereas, the third, fourth, and fifth
terms are non-ideal (Martin 2010). The summation of all these terms is equal to the dissipation
created by an anomalous resistivity which can be presented as

Et =E+ VXB+ Ey+ E; + Ep =1nj (equation 14)
Where the first two terms i.e. (E, = E + V x B) collectively represent the classical electric field

seen in the rest frame by plasma moving with the velocity V (Macek et al. 2019a; 2019b).

The third (Ey), fourth (Ea), and fifth (Ep) terms are non-ideal terms that are important
at the ion and electron scales in the kinetic regime (Spitzer 1956; Rossi & Olbert 1970). The
third term represents the Hall electric field which is generally contributed by the motion of
electrons in a highly variant magnetic field regime like a reconnection region (Macek et al.
2019a,b). The Hall electric field is produced because of the ion-electron decoupling. It is
noteworthy to mention that En is important only at the ion scale. This term contributes the most
to the total electric field when the plasma is in the ion diffusion region (Burch et al. 2016). The
Hall term is calculated as

;]
~ (en)

Eqg =(V,—V;)) xB  (equation 15)

Where V, and V; are the electron and ion bulk velocity (m/s), respectively.

The fourth term (E.) is nothing but the electric field resulting from the separation

between the accelerated electrons and ions and is denoted as the inertial term. It is noteworthy
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to mention that E; is important only at the electron scale. Following Martin (2010) and Macek

et al. (2019a), this term can be represented as

mel[1 0 1
E, = === (ngV,) ——
a eneat(ee) n;

d erl 1
S @V)] + 2 [V (e (Ve - Vo)) = 7. oy (¥ - W]

(equation 16)
where m, (kg) is the mass of an electron and V denotes the divergence of the respective tensor.

The fifth term (E;) arises from the divergence of the pressure tensor (Gurnett &
Bhattacharjee 2005) due to the thermal pressure of electrons relative to the ion background.
Notably, in the electron diffusion region where the ions decouple from the magnetic field,
electron physics becomes dominant. Remarkably, Ep is important both at ion and electron
scales. So the electron pressure eventually producing the electric field term (Macek et al.

2019a) can be derived with the following expression.

Ep=——V.P, = 2=V.[n < (Ve — U)(Ve — U) >] (equation 17)

ene

Where the thermal pressure tensor Pe is composed of pje = nekTje (parallel) and pre = nekToe
(perpendicular). k is the Boltzmann constant; U is the mean bulk velocity (m/s); Teand T.care
the parallel and perpendicular electron temperature tensors, respectively. It is noteworthy to
mention that the estimation of the fourth and fifth terms of the above-mentioned total electric
field usually involves large uncertainties, due to the low resolution and high noise in the

spacecraft measurements of particles.

It is important to mention that the estimation of the fourth and fifth terms can often be
challenging due to the high level of uncertainty associated with spacecraft measurements of

particles, which is primarily attributed to low resolution and high noise.

The electromagnetic energy associated with the electromagnetic fields is converted into
the particle or plasma kinetic energy, the time rate of change of which can be represented in
terms of the associated power expressed as W = j. E; where j and E respectively depict the
vector fields representing current density and total electric field contributions to the generalized
Ohm’s law in that region (Burch et al., 2016; Fu et al., 2016). Estimation of power helps us to

understand the energy dynamics in the probable reconnection regions.
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2.6 lonospheric observations

The observations discussed in this section (and Section 2.7) primarily serve the
purpose of conducting qualitative and quantitative analyses related to the magnetospheric-
ionospheric current systems, electric fields, and geomagnetic responses as presented in
Chapter 4.

2.6.1 Observations from the SuperDARN

The Super Dual Auroral Radar Network (SuperDARN) consists of 36 high-frequency
radars covering the mid and high latitudes of both hemispheres. These radars operate in the HF
band ranging from 8.0 MHz (37m) to 22.0 MHz (14m). Typically, the radar operates in a
standard mode where it scans through 16 beams, which are separated by approximately 3.24°
in the azimuth direction. In a single full scan, the radar covers an area of approximately 1
million square kilometers, encompassing a range of over 3000 km and an azimuthal span of
52° (Greenwald et al., 1995; Chisham et al., 2007; Nishitani et al., 2019).

The SuperDARN convection maps with a cadence of 10 minutes were obtained from
the website of SuperDARN through “http://vt.superdarn.org/tiki-
index.php?page=Conv+map-+overview” by selecting the date and time.

2.6.2 Observations from the DMSP-SSUSI

The Defence Meteorological Satellite Program (DMSP) orbits the Earth at an altitude of
approximately 840 km. It is a sun-synchronous, polar-orbiting satellite with an orbiting period
of ~101 minutes and provides global coverage twice per day (Hardy et al., 1984). The special
sensor ultraviolet spectroscopic imager (SSUSI) instrument onboard the DMSP satellite is used
to cross-track scanning by far-ultraviolet emissions. SSUSI consists of a far-ultraviolet
scanning imaging spectrograph (SIS) which observes 5 spectral bins: HI Laymn a (121.6 mm),
Ol (130.4 nm), Ol (135.6 nm), N2 Lyman-Brige-Hopfield Short (LBHS, 140-150 nm) and
Long (LBHL, 165- 180 nm) in far ultraviolet (FUV) bands (Zhang and Paxton, 2008; Sotirelis
et al.,, 2013; Zhou et al., 2020). DMSP satellite monitors different meteorological,
oceanographic, and ionospheric features associated with solar-terrestrial physics. During the
main phase of the geomagnetic storms and substorms, continuous impingement of charged

particles occurs over the high latitudes followed by the equatorward expansion of the auroral
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oval (Bounsanto 1999; Fedrizzi et al., 2008). DMSP-SSUSI probes the ionospheric conditions
during disturbed periods thoroughly and provides the convection maps, which can be directly
obtained from the DMSP-SSUSI website (https://ssusi.jhuapl.edu/).

2.7 Observations from global magnetometer networks

As discussed in Section 2.6, the observations discussed in this section, too, focus on
probing the geomagnetic responses to perform an understanding regarding the electric fields

and current systems in the magnetosphere and ionosphere, as presented in Chapter 4.
2.7.1 Observations from the INTERMAGNET network

The International Real-time Magnetic Observatory Network (INTERMAGNET) is a
global consortium of organizations operating ground-based magnetometers, comprising more
than 100 magnetic observatories spread across over 50 nations (Kerridge, 2001; Rasson, 2007).
The utilization of INTERMAGNET data is broad, encompassing a range of applications
associated with the Earth's interior, the atmosphere, and the space weather. The
INTERMAGNET observations are used in formulating many important tools frequently used
in space weather research like the geomagnetic indices (Dst, SYM-H, and Kp) and framing
different models like the World Magnetic Model (WMM), and the International Geomagnetic
Reference Field (IGRF).

The geomagnetic observations of both 1-second and 1-minute resolutions can be obtained
from the latitudinal and longitudinal chains of magnetometers available at the
INTERMAGNET website (https://www.intermagnet.org/data-donnee/download-eng.php) (see
Love and Chulliat, 2013 for the description of the data set). Figure 2.5 shows a map of the
locations/stations selected for this thesis.

The X, Y, Z, H, and D-component observations from the ground magnetometer network
located throughout the globe (as shown in Figure 2.5) are taken at a 1-minute cadence. The X,
Y, and Z represent magnetic field components in the X, Y, and Z directions in the Cartesian

coordinate system. The H-component has been calculated using the mathematical equation H=

VX2 4+ Y? 4+ Z2, and the D-component is computed using the associated equation D= H.tan¢,

Y
where o=

66



Chapter 2 Data analysis and methodology

Map of the Magnetometer statlons
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Figure 2.5: Map of the locations of 45 magnetometer stations that are used in this thesis. The
full name and code of the respective stations as provided by the INTERMAGNET website are
given aside from the triangle marker. A list of all the stations is provided as a table in the
supporting information (S1-1) in Appendix B.

The necessary baseline corrections are done by the estimation of the quiet time base
level (Hq) as an average of the H-component observations between 02:00 and 04:00 hours
local time of each station. For this purpose, the three quietest days before the storm are taken
from the list of the international quiet days published at the website https://www-app3.gfz-
potsdam.de/kp_index/quietdst/qd201019.html. The base level (Hy, for the H — component)
is then subtracted from the storm time variations (Hg) to obtain the base-corrected daily H-
component (AHqs=Hq¢-Hq), where d and g denote the disturbed and the quiet time variations. A
similar baseline correction is carried out for the D-Component observations. In addition,
following Carter et al. (2016), the effect of the GICs is assessed using the dB/dt (nT/min)

estimation from 1-minute sampled global H-component observations.
2.7.2 Observation from the SUPERMAG network

SuperMAG is a global collaboration of organizations and national agencies that use
over 300 ground-based magnetometers to provide validated 3-D vector magnetic field
perturbations acquired by ground-based magnetometers (Gjerloev, 2009, 2012). The network

comprises stations that offer both absolute measurements (such as those from Intermagnet
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Observatories) and relative measurements. The service focuses on the variations due to electric
currents in the magnetosphere-ionosphere system, and therefore, it eliminates the dominant and
slowly changing main field of the Earth. It provides data at 1-minute and 1-second temporal
resolutions, which can be obtained from the SUPERMAG  website
(https://supermag.jhuapl.edu/info/).

The SML index is based upon the observations by the magnetometers located in a belt
of 40°-80° N latitudes (see for details- Newell and Gjerlov 2011). The data set of the SML index
is obtained from the website of the SuperMag (https://supermag.jhuapl.edu/indices/).
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CHAPTER 3

SW-M-I Coupling During
Supersubstorms of Solar Cycle 24:
Energy Flow

“Everything is energy and that’s all there is to it."

-Albert Einstein
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3.1 Introduction

The energy transfer from the solar wind to the magnetosphere of the Earth happens through
different pathways (Tsurutani and Meng, 1972; Gonzalez et al., 1994; Echer et al., 2008). The
magnetospheric cavity experiences geomagnetic storm and substorm events (Gonzalez et al.,
1994), wherein, the solar-wind-magnetosphere-ionosphere coupling manifests through a large
number of physical processes (Axford and Hines, 1961; Akasofu, 1964; Akasofu, 1981,
Rostoker et al., 1980; Baker 1996; Liou et al., 2001; @stgaard et al., 2005). The geomagnetic
storms are associated with substorms, however, isolated substorms are also known to occur
through the magnetospheric processes without an immediate or explicit forcing from the sun
(Nishida and Kamide, 1983; Liou et al. 2013; Vorobjev et al. 2016). Additionally, there may
be cases when the magnetosphere is in a pre-substorm state, and a change in the interplanetary
parameters may eventually favour the generation of a substorm (Guo et al. 2012; Sandholt et
al. 2014 and references therein).

Substorms of varying magnitudes have been customarily identified by using the AL
(auroral lower component) index along with the gross night side activity by using the AE
(auroral electrojets) index. The denser SuperMAG network of magnetometers has made it
possible to define a new pair of indices called the SME (super magnetic electrojets) index and
SML (lower component of SME) index (Newell and Gjerlov 2011a, 2011b), which can better
identify the spatio-temporal occurrence of the substorms. Using the SML data, Tsurutani et al.
(2015) have found that substorms can occur as extreme events, and a threshold of SML<-2500
nT has been used to declare them as supersubstorms. Subsequently, Hajra et al. (2016) analyzed
more than 70 geomagnetic storms with a superposed epoch analysis and found that
supersubstorms may not have a strong relationship with the associated geomagnetic storm and
that seasonal variations show ionospheric dominance during such events. The solar wind
sources that drive the extreme substorm events have been studied by Hajra et al. (2016),
Adhikari etal. (2017), and Despirak et al. (2019), and it has been shown that the supersubstorms
are sourced majorly from magnetic clouds and the interplanetary sheath fields. These studies
have also reported that the majority of the supersubstorms occur during the initial or main phase
of the geomagnetic storms. Nishimura et al. (2020) have highlighted the dominance of
nightside drivers and magnetotail during supersubstorms. They found enhancements in auroral
brightening, TEC (total electron content), and neutral wind during the supersubstorms, which
were higher than average substorm levels of any other type. Further, Despirak et al. (2020)

have analysed the supersubstorm event of 7-8 September 2017 and reported that the westward
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electrojet expanded over all longitudes in the auroral region possibly due to the production of
the daytime magnetic bay at polar latitudes.

However, the recent studies on the supersubstorms have not emphasized the quantification
of the sources and sinks of the solar wind energy through detailed analysis of the solar wind-
magnetosphere-ionosphere coupling, which is significant to understand the impacts in geo-
space. A closer look at the supersubstorm events, that have occurred during the past four solar
cycles emphasizes anomalous characteristics of occurrence during solar cycle 24. Figure 3.1
gives a comparative distribution of the total, month-wise and year-wise occurrences of
supersubstorms from 1971 to 2019 obtained using the SuperMag data set of substorms (Newell
and Gjerlov, 2011a) and the threshold of SML<-2500 nT.
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Figure 3.1. Comparative distribution of the occurrence of supersubstorms of solar cycle 24 is
given against the average occurrence during solar cycles 21, 22, and 23. Panels (a) and (b)
respectively provide the number of supersubstorms and the total duration of SML<-2500 nT
and panels (c) and (d) give the month-wise, and year-wise distributions, respectively, in each

case.

It is found that against the average of the previous -three solar cycles, the total number of
supersubstorms in the solar cycle 24 is much less along with the lowest total duration. The
monthly occurrence partly matches the average, but, the occurrence during 11 years of a mean

solar cycle anomalously shows no supersubstorm during solar high activity years of solar cycle
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24. It is pertinent to emphasize that a study on comparative analysis of the geomagnetic storms
by Hajra (2021) has reported reduced average magnitudes of the interplanetary and coupling
parameters during the solar cycle 24 compared to the previous cycles. The weakest magnitude
of the solar cycle 24 may be associated with an overall reduction in energy coupling resulting
in the reduced number of supersubstorms. However, we shall investigate this aspect in greater
detail using the recent formulations to estimate the solar wind and the interplanetary conditions,
the coupling through the Epsilon parameter, Borovsky parameter (Borovsky, 2008), field
aligned current, polar cap potential drop along with the power dissipated through ring current,
auroral precipitation and Joule heating.

The study presented in this chapter is focused on comprehensive and detailed case
studies of the geomagnetic events of May 2011, March 2012, and September 2017, which are
associated with the supersubstorms, to demonstrate the probable origin, the solar wind-
magnetosphere coupling, magnetosphere-ionosphere coupling, and energy partitioning
(sources and sinks). The study is further substantiated by analyses of the energetics and
partitioning of 101 substorms of varying intensities during 1998-2018. The following sections

give observations and methods, results and discussion, and a summary of new findings.

3.2 Observation and methodology

Since a detailed methodology with formulae to estimate the coupling parameters and
other indices are already described in Chapter 2, in this section the definition of phases of
supersubstorms is given, followed by a very brief overview of different estimations and
primary models employed to quantify different energy terms and indices.
3.2.1 Duration of the phases of the suspersubstorms

Conventionally, the substorms are expressed in terms of the growth phase, expansion
phase, and recovery phase. Of these three phases, the expansion and the recovery phases are
the most important with respect to energy dissipation in the magnetosphere-ionosphere system.
We have followed the definitions given by Li et al. (2012) for substorms to calculate the exact

durations of the respective phases of the supersubstorms considering the value of minimum
depression and its time epoch as reference. So, t,=instant of time when %th of the minimum
depression is attained before the minimum); t,,=instant of time of minimum depression and
t,= instant of time when %t“ of minimum depression is attained after the minimum. Then, it is

obvious that the duration of the expansion phase = t,-t;, recovery phase=t,-t,, and total
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substorm= t,-t;. In this study, the variation in the SML index is considered to determine the

respective phases of the supersubstorms.

3.2.2 Procedure of estimation

A detailed description of the key methodologies, observations, and estimations utilized
for the analyses presented in this chapter has already been covered in Chapter 2. Here, a brief
overview of the relevant computations is given for completeness of the results.

The dataset of the SML index is obtained from the website of the SuperMag
(http://supermag.jhuapl.edu/indices/). The observations of the solar wind, interplanetary
parameters, and geomagnetic indices are obtained from the NASA-OMNIWeb database
(https://omniweb.gsfc.nasa.gov/form/omni_min.html) at a cadence of 1 minute. The estimation
of all the power and energy terms for the study in this Chapter is performed with 1-hour cadence
observations. Chapter 2.2 can be referred for all the details on the methods and estimations in
this context. For the identification of the types of solar wind structures during the
supersubstorms the set of criteria (threshold values) provided by Yermolaev et al. (2009) is
used in the study presented in this chapter (see Table 2.1 for details). Chapter 2.3 presents more
details about the methodology.

The available kinetic energy flux of the solar wind power is estimated following

equation-1 of Chapter 2. The input power is calculated by estimating the Epsilon parameter
(Chapter 2, equation 2). The other terms associated with solar wind-magnetosphere coupling
are the Borovsky parameter (Chapter 2, equation 3), and Newell parameter (Chapter 2, equation
4). The magnetosphere-ionosphere coupling parameters are estimated as the PCPD (Chapter 2,
equation 5) and FAC (Chapter 2, equation 6). The power dissipated through ring current, Joule
heating, and auroral precipitation is estimated using equations 7, 9, and 10 respectively.
The input and dissipated power of different channels are integrated with respect to time, to
obtain the respective input and dissipated energies. The energy dissipated through other minor
channels is also considered here. However, they are found to be negligible with respect to the
major energy sinks. The details of this are presented in Chapter 2.4.7.

The efficiencies el (input efficiency), e2 (dissipation efficiency), and e3 (ratio of sink
energies) are computed using the formula given in Chapter 2.4.8. All the computations are
carried out using computer programs specifically written to obtain the time series of variations

in the required parameter. Since different data sets are obtained in different formats and units
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of indices, a careful examination is performed to bring them all into the units described in the

methods given in Chapter 2.
3.3 Results
The analyses of the geomagnetic events of May 2011, March 2012, and September 2017

are performed in terms of the solar wind sources, energetics associated with sources, and sinks
in the solar wind-magnetosphere-ionosphere system. It shall be noted that during the
geomagnetic storms of May 2011 and March 2012, one supersubstorm occurred whereas
September 2017 storms exhibited two supersubstorms. The cause-to-effect relationship for
each event is highlighted and discussed. The following subsections provide the main results of
this study.

3.3.1 Solar wind drivers
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Figure 3.2. The presence of different solar wind structures is shown for the supersubstorms of
solar cycle 24 in the first 3 columnar panels from left (panels a, d, and g). The corresponding
variations in the SYM-H (panels b, e, and h) and the SML (panels c, f, and i) indices for 4 days
are given in the middle and bottom rows. Vertical dashed lines mark the start (Ts) and end (Te)
of a supersubstorm. The rightmost columnar panel (j) shows the mean distribution of the
presence of different solar wind structures during 17 supersubstorms of solar cycle 23. The

acronyms are referred to in the text description in section 2.1 following Yermolaev et al. (2009).
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The solar wind sources that could have possibly caused the supersubstorm events have
been mostly attributed to the interplanetary CMEs in past studies. Results from the study
presented in this chapter of the geomagnetic storms associated with the supersubstorms are
given in Figure 3.2. The presence of different solar wind streams for the solar cycle 24 is given
event-wise (first 3 columnar panels from the left) and for the solar cycle 23 are as mean
distributions (right-most columnar panel) for an immediate comparison. The supersubstorms
have occurred on 28 May 2011, 9 March 2012, and 7-8 September 2017. The corresponding
variations in the SYM-H index show their association with a geomagnetic storm. It is found
from Figure 3.2 that the magnetic cloud preceded by the FAST background stream is
commonly present as a source during the main phases of all 4 events of solar cycle 24.

Specifically, during the March 2012 and September 2017 events, a brief presence of
the forward (shown as IS) and backward (shown as ISA) interplanetary shock waves well
before the initial phases of the supersubstorms is observed, which is not found during the 2011
event. Instead, the slow-moving plasma preceding the 2011 event was observed on 27 May, a
day before the initiation of the supersubstorm. Particularly, the event of 2017 exhibited two
supersubstorms, with the lowest SML index at 0024 UT and 1308 UT on 8 September 2017. A
couple of the supersubstorms (SSS) are termed ‘2017-SSS1’ and ‘2017-SSS2’, both of which
are found to be separately associated with a stream of FAST background stream with the
magnetic cloud. During the supersubstorm of March 2012, a SLOW background stream with a
Heliospheric current sheet appeared along with a brief period of corotating interaction region
well before the initial phase of the geomagnetic storm. This is followed by multiple hits of
magnetic clouds with FAST background stream, which acted as the driver of the main phase
of the storm and possibly also triggered the supersubstorm on 9 March 2012. The recovery
phase of the supersubstorm is highlighted by the presence of a corotating interaction region in
the background of the SLOW stream.

A direct comparison of the solar wind streams present during the supersubstorm events
of the solar cycle 23 is given in panel (j) of Figure 3.2. This illustrates that the major drivers of
the supersubstorm events during solar cycle 23 have been the FAST stream and multiple hits
of the magnetic clouds along with the forward (IS) and backward (ISA) shock waves. So, the
supersubstorms of the solar cycle 24 mostly agree with the mean distribution of solar cycle 23,
albeit with the presence of the shock waves for a smaller period during the former. These results
significantly infer that the presence of multiple hits by the magnetic cloud with FAST

background stream could be a dominant and governing condition for the supersubstorms to
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occur at any level of solar activity. This is reinforced by the fact that each of the events is

associated with a moderate geomagnetic storm, as detailed below.

3.3.2 Interplanetary parameters and geomagnetic indices
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Figure 3.3. The top three panels in each column give variations in the solar wind plasma
parameters the IMF-Bz (Bz), speed (V), and pressure (P), and the bottom three panels give the
AE, SYM-H, and SML indices, respectively. Columns from left to right show results for 2011,
2012, and 2017 events, respectively. A vertical dotted line in the right two columns shows the
time of the sudden commencement. The supersubstorm durations are shaded in yellow colour.

Figure 3.3 shows the variations in the interplanetary parameters as observed at the L1
point (top four panels) and in the geomagnetic indices (bottom 3 panels). The variations in the
SYM-H and SML indices are repeated for reference. The supersubstorm durations are shaded
in a yellow colour corresponding to the variations in the SML index. A close inspection of the
variations in the solar wind parameters shows a large difference among the 4 supersubstorm
events. Particularly, neither the solar wind pressure nor bulk velocity shows any abrupt increase
before the expansion phase of the supersubstorm on 28 May 2011. A gradual rise in the velocity
is observed from about 05 UT (dashed vertical line) on 27 May, which peaks on 29 May after

the occurrence of the supersubstorm. Additionally, the variations in the SYM-H index from
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26-29 May 2011 show the absence of the sudden commencement of the geomagnetic storm.
However, the variation in SYM-H shows some intermittent negative excursions during 0500-
1500 UT on 27 May, a bay-like decrement during 1500 UT on 27 May and ~0600 UT on 28
May which can be termed as the first-sub main phase, and, a negative excursion between
~0600-2355 UT on 28 May, which can be termed as the second sub-main phase of the moderate
geomagnetic storm. Notably, an unusual extreme excursion in the SML index occurred during
the second sub-main phase of the geomagnetic storm, leading to the occurrence of a
supersubstorm on 28 May, which is also replicated in the AE index. We discuss the
development of the multi-step storm and its possible association with the occurrence of a
supersubstorm in section 3.4.

In contrast to the above storm, the storms of 2012 and 2017 show a sudden
commencement respectively, at ~1200 UT on 8 March and 00 UT on 7 September. The
commencement is accompanied by an abrupt rise in bulk velocity, and ram pressure (shown by
a vertical dashed line). In the case of the 2012 event, two consecutive southward excursions in
the IMF-Bz at 1200 UT on 8 March and 0215 UT on 9 March are noted which caused a two-
step decrease in the SYM-H index. The presence of magnetic clouds at ~1100 UT on 8 March
and ~0500 UT on 9 March (shown in Figure 3.2) seems to be associated with the couple of
southward excursions in the IMF-Bz (Figure 3.3). Following similar arguments, it is found
from Figure 3.3 that three consecutive southward excursions in IMF-Bz have occurred at ~0100
UT and ~2000 UT on 7 September, and at 1137 UT on 8 September 2017. Out of the above
three southward excursions, only the latter two are found to be associated with intervals of
magnetic clouds which occurred between ~2000 UT on 7 September and ~1400 UT on 8
September (shown in Figure 3.2). Therefore, a three-step decrease in SYM-H was observed on
7 and 9 September 2017 along with simultaneous excursions in the AE and SML indices.
Intriguingly, two supersubstorm events are noted during this event namely ‘2017-SSS1’ and
2017-SSS2°, which occurred within about 12 hours. It is pertinent to highlight here that in
comparison to the ‘2017-SSS1°, the ‘2017-SSS2’ is found to be associated with a lesser
magnitude of minimum IMF-Bz and SYM-H indices and negligible variations in the solar wind
ram pressure.

Thus, all four cases of the supersubstorm of 2011, 2012, and 2017 are found to exhibit
multiple southward and northward excursions in IMF-Bz followed by a multi-step
development of the associated geomagnetic storm, which eventually led to the occurrence of
the supersubstorms in the later part of the main phases of the storms. It shall be noted here that

the development of a multi-step storm is a very complex subject by itself and needs a careful
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quantification of the involvement of several other aspects of multi-step coupling (see viz.
Kamide et al., 1998; Keika et al. 2018; Verkhoglyadova et al. 2016). A detailed investigation
is performed to obtain the pre-conditioning, the energy transfers, and partitioning, which can
highlight the differences and commonalities of the responses during the supersubstorms. A

discussion on the relationship among observed variations is given in section 3.4.

3.3.3 Coupling and energy transfer

We aim to quantify the solar wind energy available for the earth’s magnetosphere, its
conversion, and dissipation during the spatial and temporal evolution of the energy flow
through the magnetosphere-ionosphere system. The solar wind-magnetosphere-ionosphere
coupling consists of the merging of the interplanetary and geomagnetic field lines along with
the electrodynamic interactions through the three-dimensional current system and the

associated electric fields.
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Figure 3.4. Panels from the top in all columns give variations in the IMF-By/Bz and IEF-Ey/Er
(solar wind); R and di% (solar wind-magnetosphere coupling); PCPD, PCI, and FAC

(magnetosphere-ionosphere coupling) and, the SML indices respectively. The columnar panels

are arranged respectively for the 2011, 2012, and 2017 events. Vertical dashed lines show the
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time of occurrence of SSC for the 2012 and 2017 events and yellow shades represent the
supersubstorm durations, in respective years.
The variations in the IMF-By/Bz, y-component of the interplanetary electric field (IEF-

Ey), reconnection (or merging) electric field (Er), the solar wind driver function (R), rate of
merging at the magnetopause (d‘g%), the PCPD, the integrated FAC, and the PCI are given in

Figure 3.4. The variations in the IMF-Bz and SML indices are reproduced in this figure for

ready reference. With a sudden change in the coupling rate (R), the rate of magnetic flux

domp

opening at the magnetopause ( —

), the PCPD and FAC are found in synchronization with a

sudden southward excursion in IMF-Bz and enhancement in Eg, and a sudden impulsive peak

in the SML index is noted as a consequence of the coupling, during all the events of

domp

supersubstorms. The coupling parameters R and show one-to-one correspondence

throughout 4 days during each of the events. The IEF-Ey, Eg and PCPD exhibit almost similar
variations for the respective duration of the supersubstorms. While, the PCI index mostly
follows a correspondence with the variations in the other interplanetary parameters and with
Er and PCPD, specifically, a few exceptionally large fluctuations in PCI between 00 UT and
1200 UT on 9 March 2012 are not found to match with other coupling parameters. Additionally,
the fluctuations in the PCI index are mapped as oscillatory variations in the SML index in the
same duration on 9 March 2012. In the case of other supersubstorms, we did not observe such
a departure in the PCI index from the other parameters and correspondence with the SML
index, which is intriguing. Thus, in a nutshell, it is found from Figure 3.4 that the prolonged
southward excursions of IMF-B; and higher values of R led to sustainable perturbations over
the polar region, which could eventually have triggered the supersubstorms. It is intriguing to
find a large impulsive response of PCI during the SSC at about 12 UT on 8 March 2012 and in
FAC at about 00 UT on 7 September 2017. Possibly, the northward IMF-Bz associated with
the sudden global magnetospheric compression could have produced large positive impulse-
like variations (Troshichev and Janzhura, 2012) but this needs further investigations.

So far, the analysis of the events shows a few commonalities like multiple hits by
magnetic clouds along with fast-moving solar wind background conditions, followed by
episodic increments in the coupling parameters and a multi-step decrease in the SYM-H index.
All these common factors exemplify a possible contribution to energy storage within the

magnetosphere and a release when a threshold is encountered at a later stage of the event.
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Figure 3.5 gives variations in the available solar wind power, the coupling parameters,
and the major power dissipations along with total sink power during each event from top to
bottom panels. The SML index is given for a ready reference in the bottom panels. The
magnetospheric input power given by the ¢ is found 3 to 4 orders of magnitude lesser than the
available solar wind power, Us,,. An interesting observation is that the peaks in the input power
(¢) show a higher magnitude when the available solar wind power (Us,,) is found lower during
a given event. Among the major sinks, the maximum dissipation of the SW power is found
through joule heating (U;) and the minimum through the ring current (U,.). The available solar
wind power (Us,,), and the magnetospheric input power () are found significantly lower during
the 2011 event compared to the other two events and are found at the highest level during the
2017-SSS1° supersubstorm event. A similar pattern is seen in the variation of the power
dissipated due to the ring current (U,) among the events. However, the magnitude of powers
dissipated through Joule heating and auroral particle precipitation is found comparable among

the events, which could be due to the common volume affected at the ionospheric altitudes.
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Figure 3.5. The variations in the estimated power terms are given in 6 top panels, respectively
in columnar panels from left to right for the 2011, 2012, and 2017 events. Panels from the top
to bottom respectively give the available solar wind power (Ug,) (a, h, and 0); the
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magnetospheric input power () (b, i, and p); power through the ring current (U,) (c, j, and q);
the Joule heating (U;)( d, k, and r) and the auroral particle precipitation sink (U,)(e, I, and s);
total dissipated power (U,) (f, m, and t); the SML index (g, n, and u). The vertical yellow shades
show the supersubstorm durations.

The variations in the total power dissipated (U,) show comparable magnitudes,
however, the input power shows different magnitudes at different phases of the events. Also,
the peaks in the power dissipation terms are synchronized with the peaks of the input power,
but, not with the available solar wind power, emphasizing the significance of the solar wind-
magnetosphere coupling on the energy transfer. An anomalous post-supersubstorm feature is
noticed as the maximum in Joule heating power dissipated during the 2011 event at about 06
UT on 29 May, which falls after the recovery phase of the supersubstorm and contributes
significantly to the peak of the total dissipated power on the same day. However, a detailed
analysis of this feature is beyond the scope of the study presented in this chapter.

3.3.4 Energy partitioning in magnetosphere-ionosphere system

The process of energy flow, transfer, and partitioning in the magnetosphere-ionosphere
system is an important aspect of the substorm studies (Guo et al., 2012), more so, when storms
of moderate intensity are associated with extreme substorms. The power (or rate of energy)
terms given in Figure 3.5 above, are integrated to obtain the continuous energy curves. Figure
3.6 shows the energy curves for different time intervals beginning with the exact duration of
the supersubstorms, 4-day (corresponding to previous figures), 1 month (30 days beginning
from the day of the respective supersubstorm), 6 month (180 days beginning from the day of
the respective supersubstorm) and 1 year (the year 2011, 2012 and 2017).

The top panel of Figure 3.6 shows that during the supersubstorm period (less than 12
hours duration), the magnetospheric input energy (blue) is found to be always more than the
total dissipated energy (red) in the magnetosphere-ionosphere system. Also, during this period,
the curves showing the energy dissipation through Joule remain (magenta) higher than the
auroral precipitation (black), followed by the ring current (green). The second row of panels
from the top shows the advent of the supersubstorm as a step-like increase in the input energy
(blue), the magnitude of which depends upon the absolute amount of energy during the event
and the integration time. The third row of panels from the top shows a gradual change in the
energies, wherein, the total dissipated energy (red) supersedes the input energy (blue),
respectively in about 12 hours (2011), 10 days (2012), and 8 days (2017). In addition, the
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energy dissipation through auroral precipitation supersedes the Joule heating energy
respectively in about ~27 days (2011), 20 days (2012), and 7 days (2017). However, when a
longer period like 6 months (fourth row of panels from top) and 1 year (bottom panels) are
considered, it is observed that the total energy dissipated (red) is always more than the
magnetospheric input energy (blue) and a step-like increase is observed during the geomagnetic

storm/substorm events in the respective intervals.
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Figure 3.6. The respective power terms shown in Figure 3.5 are integrated for different intervals
and given in panels from the top i.e. supersubstorm (SSS) period, 4 days, 1 month, 6 months,
and 1 year, respectively, till bottom. The energy curves are given in different colours provided
in a legend at the top. The columnar panels represent different time intervals selected from the
years 2011, 2012, and 2017, respectively. The vertical yellow shades show the supersubstorm
durations in the top three rows of panels.

A significant result obtained for the longer periods is that the dissipation through auroral
precipitation is found to be the largest compared with the Joule heating and ring current, except
for the substorm periods. The main cause behind this response could probably be the
continuous high-energy particle precipitation in the auroral regions during both the
geomagnetically quiet and the disturbed periods. The results also suggest that the mechanisms
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of the evolution and decay of a storm or a supersubstorm event, through energy input, accretion,

and dissipation, are unique and differ from one to another (Guo et al., 2012).
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Figure 3.7. The top two panels (a) show a Pie-chart distribution depicting the percentage share
of different energy sinks during the expansion phase and recovery phase of the supersubstorms.
Pie charts from left to right respectively show the results for supersubstorm events of 2011,
2012, and 2017 (SSS1 and SSS2). Bottom panel (b) gives a bar chart for the average energy
dissipation during the four supersubstorms through the three major sinks and other minor sinks.

Legend in the bottom panel gives respective colours used to represent different sinks.

Further, during the shorter durations like the expansion and recovery phases of a
supersubstorm, it is interesting to obtain the percentage energy distribution among different
energy sinks. The respective phases are defined according to the durations given in section 2.2
and results are given in Figure 3.7. An important outcome of this comparison is that the
percentage share of the energy dissipated through the Joule heating (ring current) is found
lower or equal in the expansion (recovery) phase with respect to the recovery (expansion) phase
of the supersubstorms. Thus, the share of a couple of sink energies changes during the different
phases of the supersubstorms. This result can be explained by the dominant processes during
the respective phases, which are produced by currents at the magnetospheric altitudes (i.e. the
ring current) during the expansion phase and, at the ionospheric altitudes (i.e. Ohmic loss by
the Joule heating) and the auroral particle precipitation during the recovery phase of the

supersubstorms. Here, the contribution from the other minor energy sinks (which are generally

83



Chapter 3 SW-M-I coupling during supersubstorms: Energy flow

less than 1%) shall also be considered. Further, the average of energy sinks (panel 7b) obtained
from the four supersubstorms shows that the energy dissipation majorly occurs through the
joule heating, auroral precipitation, and ring current, whereas, other energy sinks contribute
negligibly to the total sink energy.

Since a geomagnetic storm is associated with each of the supersubstorms presented in
this study, a comparative energetics with an average isolated substorm and a geomagnetic
storm (of minimum Dst >-150 nT) is needful to delineate the relative dominance of processes.
The average energies corresponding to a nominal substorm are taken from Tenfjord and
@stgaard (2013) and an average geomagnetic storm is taken from Li et al. (2012). The
respective energies for the supersubstorms are taken as the last values of the curves given in
the top panels of Figure 3.6. A comparative bar chart is given in Figure 3.8 to illustrate the
comparison in five categories, respectively for the available solar wind energy, the input and
sink energies, the input (el) and dissipation (e2) efficiencies, and major sink energies.

It is found that the available solar wind energy (panel 8a) during the supersubstorms
compares well with an average geomagnetic storm and is higher than a nominal substorm,
except for the 2011 supersubstorm. The magnetospheric input energy and the total sink energy
(panel 8b) remain one or two orders higher during the supersubstorms compared to a nominal
substorm and, compared with an average geomagnetic storm. The input efficiency of the
magnetosphere (el) (panel 8c) is found to be higher during the supersubstorms in comparison
to nominal substorms and an average geomagnetic storm. It is also observed that although the
available solar wind energy was the highest during the second event of ‘2017-SSS2’ (panel
8a), the corresponding magnetospheric input coupling efficiency (panel 8c) was the lowest
followed by a lower level of sink energy (panel 8b). In the same contest, the 2012
supersubstorm is found to have the highest magnetospheric input energy (panel 8b) due to the
highest coupling efficiency (panel 8c) amongst the supersubstorms despite lesser available
solar wind energy (panel 8a). This illustrates the significance of the coupling efficiencies. Panel
8(d) also suggests that the dissipation efficiency (i.e. the magnetosphere-ionosphere coupling)
is almost double during a nominal substorm compared with the supersubstorms and a storm.

Also, it is noted that the dissipation efficiency during supersubstorms is found lesser
than a moderate geomagnetic storm. A comparative chart amongst the major energy sinks is
given in panel 8(e). The energy dissipated through the Joule heating and auroral precipitation
during the supersubstorms remains in between the respective energies of a nominal substorm
and a storm of less intense or moderate level (of minimum Dst >-150 nT). However, in the

case of the ring current, the dissipation during an average storm is found to be the highest
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compared to the supersubstorm and a nominal substorm. It can be inferred from panel 8(e) that
the distribution of the dissipation of energy during the supersubstorms corroborates better with
a nominal substorm than an average storm. Notably, the supersubstorms presented here are
associated with an average storm so the respective dissipations are found at higher scales.
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Figure 3.8. Comparative energetics of the four supersubstorms of 2011 (orange), 2012
(yellow), <2017-SSS1’ (violet), and ‘2017-SSS2’ (green) to an average Akasofu-type substorm
(blue) and an average moderate geomagnetic storm (red) is given in panels (a-€). The
comparison is provided in terms of (a) available solar wind energy (b) input energy and sink
energy (c) input efficiency (d) coupling efficiency, and (e) energy distribution of the major

energy sinks.

A quantitative estimate of the energy partitioning is given in Table 3.1, which is
prepared from the analysis presented in Figures 3.6 and 3.8. @stgaard et al. (2002) have found
an average input efficiency smaller or roughly =~1% for the geomagnetic storms of solar cycle
23 during 1997-2010. Other studies like Lu et al. (1998) have found higher average input
efficiency at 4.2% for geomagnetic storms, whereas, Vichare et al. (2005) have found it at
3.5%, especially for intense geomagnetic storms. Li et al. (2012) have provided separate input
efficiencies at 2.8%, 6.2%, and 14.7% respectively for the moderate, intense, and super storms

whereas, Tenfjord and @stgaard (2013) have given an average input efficiency of about 0.66%
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for an average of isolated substorms. In the context of the previous studies, the present
estimates of the input efficiency during the supersubstorm associated with a geomagnetic storm
are found at ~3.05%, 4.95%, 3.98%, and 1.15%, respectively for the 2011, 2012, and 2017
events.

These results show that the average input efficiency during a supersubstorm of solar
cycle 24 is found to be more than the levels of a nominal substorm and an average geomagnetic
storm. Further, the dissipation efficiency (e2) obtained for the four supersubstorms is found at
73.95%, 58.56%, 37.72%, and 77.94 %, respectively. The e3, which is the ratio between the
magnetospheric energy sink and ionospheric energy sink, the values of 9.04%, 13.85%,
20.60%, and 19.57% are obtained respectively for the four supersubstorms. A detailed
quantitative tabulation from the study presented in this chapter is given in Table 3.1 below for
an interested reader. A notable statistic from Table 3.1 is about the ratio of magnetospheric
sink energy to the ionospheric sink energy (e3). The e3 is found to be at comparable levels for
the substorms and the supersubstorms, but this becomes about 3 times higher during moderate
geomagnetic storms. This indicates the dominance of ionospheric sinks during the

supersubstorms and substorms.

Table 3.1. The columns from left provide the concerned duration to obtain an average,
available solar energy (Esw), magnetospheric input energy (E.), total dissipated energy (E:), and
the energy dissipated over the three major sinks (Ej, Er, Ea), the corresponding coupling
efficiencies are given by el, e2, and e3, respectively. The estimates are given as averages for

different types of short and long periods.

Eqw E. E, E. E; E, el e2 e3
Duration
(x1016]) | (x10%®]) | (x10%6]) (x10%°] (x10%]) (x10'¢]] (%) (%) (%)
Substorm 79.0 0.3 0.5 0.1 0.3 0.2 0.34 | 192.6 14.89
Storm 168.1 43 5.1 1.4 2.4 1.2 2,53 | 1195 39.56
Supersubstorm 145.3 4.4 2.5 0.3 1.3 0.8 3.02 | 56.04 15.49
One month 4000 27.7 42.0 5.1 15.9 20.8
One year 41000 260.8 355.2 49.0 138.9 167.4
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3.3.5 Dependence of energy partitioning on the intensity of substorms

A better statistical result is obtained through a detailed analysis of the energetics and
energy partitioning of a solar wind-magnetosphere-ionosphere system during substorms of
different intensities and levels. A statistical survey of 101 geomagnetic substorms that occurred
between 1998 and 2018 with varying SML between -100 nT and -4100 nT is performed. These
results (Figure 3.9) are prepared by using a complete day of observations on the day of the
substorm considering different ways of substorm evolution, energy dissipation, and occurrence

of multiple substorms in a very short time interval.
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Figure 3.9: The abscissa gives the SML index in all panels. Panels a-g respectively show scatter
plots of available solar wind energy (E,,), magnetospheric input energy (E.), total energy sink
(Ev), Joule heating sink (E;), auroral precipitation sink (Ea) and ring current sink (Er). Panels i-
k in the bottom row show respectively the efficiencies el, e2, and e3. The first 3 columnar
panels from the left show a linear least square fit to the scatter points and the fourth columnar

panel in each row (i.e. d, h, and I) shows the slope of the fit-lines from the first 3 panels.

The scatter plot of different energies against the SML index (Figure 3.9) shows some
very interesting results. A large scatter in the values of the available solar wind energy (Eg,,)

is found in contrast to the relatively more linear and converged scatter in the magnetospheric
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input energy (E.) and total energy sink (E:) (panels a-c), but all three show an increasing trend
with the increase of intensity of the substorms. Among the major energy sinks, the Joule heating
sink (E;j) shows a faster proportionate increase with the increase in strength of the substorms
followed by the auroral precipitation (Ea) and the ring current sink (Er). The efficiency el
follows almost linear proportionality but much more interestingly, e2 and e3 follow reverse
proportionality with the SML index. It is found that the ratio of total energy dissipation with
energy input (e2), as well as the ratio of dissipation through the magnetospheric sink (ring
current) to the ionospheric sink (e3), are much more during moderate and less intense
substorms than supersubstorms.

The panels in the fourth column (d, h, and 1) of Figure 3.9 show the respective slope of
the linear regression lines, representing the proportionalities of different energy and efficiency
parameters with intensities of the substorms, given in each row. Panel (d) suggests that the rate
of input energy (E.) is higher than the rate of total sink energy (E:) against the rise in the SML
index. Although, the absolute values of Ec remain lesser than that of E; for minor and moderate
substorms (SML > -1000 nT), E.supersedes E: gradually for intense and supersubstorms (up
to SML< -1000 nT). Thus, the dominance of sink energy can be inferred during most of the
substorms, which can be considered as isolated nightside events. Whereas, for the more intense
substorms and supersubstorms the input energy at the dayside dominates. In addition, from
panel (j), we can see that with the increase in the intensity of the substorms, e2 decreases.
Hence, it can be said that for moderate and less intense substorms more energy dissipation
happens with respect to the magnetospheric input energy. For the intense substorms and the
supersubstorms, the input energy is generally much more, wherein a lesser proportion of this
energy is dissipated in the magnetosphere-ionosphere system. Hence, it seems that a part of the
input energy is accreted in the magnetosphere for this class of substorms. This could imply that
for the occurrence of the supersubstorms, a bulk volume of the input energy is necessary. We
surmise that in such cases, the occurrence of completely isolated supersubstorms may not be
possible. These results on a different class of substorms suggest that the earth’s magnetosphere
reacts differently to different levels of substorms of different intensities. Interestingly, ratio-
wise it is possible that a larger part of the magnetospheric energy input (or the energy accreted
in the inner magnetosphere) can be dissipated during moderate or less intense substorms. Also,
from panel (h) we observe that with the increase in the intensity of the substorms, the rate of
increase in dissipation through Joule heating (E;) is much more than that through auroral

particle precipitation (Ea) and ring current (Er). Hence with the increase in the intensity of the
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substorms, e3 gains a negative slope i.e. the lesser share of energy is dissipated through the
ring current, and the higher share of energy through the ionospheric energy sinks.

Briefly, our study quantitatively establishes an inference that the magnetosphere reacts
and responds in a coupled manner, which depends upon the intensity of substorms. The
evolution and decay of each substorm follow a series of processes beginning from the source
of energy in the solar wind, the solar wind-magnetosphere-ionosphere coupling, and the energy
sinks, which makes the study of these events interesting and fascinating. However, more
investigations are needed to understand some of the mechanisms that can cause extreme

substorms during moderate and multi-step geomagnetic storms.

3.4 Discussion

The present study gives an analytical and quantitative evaluation of the occurrence and
energetics of the supersubstorms during solar cycle 24, which show anomalous characteristics
with respect to the previous solar cycles (Figure 3.1). Out of the total of four supersubstorms,
three are found to occur during two geomagnetic storms with SSC, whereas, one is found
during a geomagnetic storm without SSC. The minimum Dst during the storm of March 2012
was -145 nT and of September 2017 is -145 nT, whereas, it remained about -80 nT for the
storm of May 2011. The occurrences of supersubstorms have been mostly associated with
geomagnetic storms of varying intensities (Hajra et al 2016), which corroborate the cases
studied in this paper. All four supersubstorms have occurred either during the ascending or
declining phase of the solar cycle 24.

The supersubstorms are extreme substorm events that are recently classified based on the
lower bound of the auroral-electrojet-based index, like the SML (Tsurutani et al. 2015). The
occurrence characteristics, morphology, and the associated auroral evolution as well as the
probable cause of such extreme substorms have been subjects of the recent investigations by
(Tsurutani et al. 2015; Hajra et al. 2016; 2018; Nishimura et al. 2018; Despirak et al. 2019;
2020). However, the supersubstorms of the solar cycle 24 have not been investigated from the
viewpoint of the coupling characteristics and energy partitioning, which are in fact the salient
features of the study presented in this chapter. Additionally, a robust methodology is followed
to find the sources, the energy transfers and coupling, and the sinks for each supersubstorm.

One of the main results of this study shows that all four events associated with the
supersubstorms have probable origin in the conditions wherein, the solar wind stream was

moving at a fast speed coincident with multiple hits by the magnetic clouds (Figure 3.2). When
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compared with the average solar wind drivers of the events associated with the supersubstorms
of the solar cycle 23, almost similar results of the dominance of magnetic cloud with FAST
background plasma are found during solar cycle 24. But, the presence of the forward and
reverse shock waves as the drivers of the supersubstorms was significantly high during the
former cycle. A prior arrival of other solar wind drivers like shock waves, slow-moving plasma,
co-rotating interaction regions, and heliospheric current sheets for brief periods could probably
set the preconditioning of the magnetosphere.

Hence, using a four-day interval, the solar wind-magnetosphere coupling parameters are
examined and a quantitative estimate of the available and transferred power is obtained
(Figures 3.4 and 3.5). , Multiple southward and northward excursions in IMF-Bz are observed
before the commencement of the geomagnetic storms in all cases. This is subsequently
followed by a multi-step development of the associated geomagnetic storm, which eventually
leads to the occurrence of the supersubstorms in the later part of the respective main phases of
the geomagnetic storms. Previous studies have emphasized that the development of a
geomagnetic storm in multiple steps is possible under several scenarios including the structure
of the solar disturbance, the interplanetary evolution of the event, and the solar wind-
magnetosphere coupling, which are different for different events (Kamide et al. 1998;
Verkhoglyadova et al. 2016, etc). In context to the occurrence of the supersubstorm cases
presented in this study, the above observations could serve as evidence of the inner
magnetospheric response to the long-duration energy accumulation in the magnetosphere even
before and during the multi-step event, which eventually may release a trigger process. The
energization of plasma consisted of multi-ion species that occur in the near-earth magnetotail
and inner magnetosphere causing enhancements of ion pressure during extreme events. Keika
etal. (2013; 2016) have deciphered multiple physical processes responsible for the energization
which are generally associated with magnetic field reconfiguration (depolarization) and
temporally impulsive transport of plasma (with energies of a few to a few hundred kiloelectron
volts) from the plasma sheet and tail lobe in the form of narrow flow channels of energy.
Subsequent studies by Keika et al. (2018a; 2018b; 2022) have investigated several cases of
inner magnetospheric energization, the origin of ions and charged particles, and plasma flow
and demonstrated the multi-step development of geomagnetic storms or substorms. They have
shown, that a multi-step build-up of the geomagnetic storm in specific cases (Keika et al.
2018b) may lead to populating the plasma sheet during the earlier phases of the interplanetary
disturbance, which, at later phases of the storms can get energized and may produce enhanced

ring current and auroral activity, which support the occurrence of intense substorms. The
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present results (Figures 3.3 and 3.4) show a multi-step development of each of the geomagnetic

storms with evidential confirmation from the IMF-Bz and other coupling parameters like
PCPD, FAC, R, and d‘fl%. The intriguing observation of the double supersubstorm during 8-9

September 2017 also possibly has a relationship with the double southward excursion of IMF-
Bz separated by 6-7 hours on 8-9 September. Keiling et al. (2022) have shown that the periodic
mode of the substorms can be generated through an internally driven quasi-periodic
reconnection. Other major studies in this context like Tsurutani et al. (2006) and Morley et al.
(2009) have elucidated the occurrence of recurrent substorms. However, unfortunately, there
is no study to date to specifically explain the mechanism of occurrence of subsequent
supersubstorms or extremely intense substorms. As a plausible explanation of the second
supersubstorm (SSS-2) of 9 September 2017, the short period northward and southward
fluctuations of IMF-Bz (between the two supersubstorms) have pre-conditioned and a long
duration southward excursion could have triggered the sudden huge energization of the
magnetospheric plasma populations. However, since, the magnitude of the southward IMF-Bz
on 9 September is found to be lesser, the intensity of the second supersubstorm is also found
to be lower with respect to the previous one (i.e. on 8 September 2017). As the two
supersubstorms of September 2017 happened within a time interval of 6-7 hours, these two
could be considered recurrent supersubstorms against the pre-conditioning for a long 24-hour
interval between 7-8 September 2017. Thus, with the present understanding, it may be feasible
to state that all four supersubstorms have occurred largely due to the above-mentioned reasons.
Further investigations are needed to establishthe possible pathways of a rare double
supersubstorm event, like this one.

The results on the solar wind-magnetosphere-ionosphere coupling parameters (PCPD and
FAC) and rates (R, d‘(’;%) show (Figure 3.3) that stable southward excursion of IMF-Bz and
higher values of R facilitated a trigger (onset) of the supersubstorms. This result is substantiated
by the aforementioned discussion on multiple hits by the magnetic clouds (Figures 3.2 and 3.3)
resulting in a multi-step build-up of the geomagnetic storm. The strength of the dawn-dusk
electric field is represented by PCPD (-V@=E=-VxB) (Shepherd et al. 2007) which provides a
quantitative estimate of the intensity and extent of plasma convection in the high-latitude
ionosphere (Reiff et al., 1981). The coinciding peaks in the IMF-Bz, IEF-Ey, R, and %
channelize a synchronized transfer of the solar wind energy, which results in simultaneous
peaks observed in the FAC (inside magnetosphere), PCPD, and PCI indices (at the polar
ionosphere). The synchronous correspondence is found during all the events as shown in Figure

91



Chapter 3 SW-M-I coupling during supersubstorms: Energy flow

3.3, which substantiates the occurrence of the four supersubstorms during the ongoing
geomagnetic storms. However, an intriguing oscillatory variation in the PCI index, which is
also observed in the SML index during 00-12 UT on 9 March 2012 is not observed in all other
parameters during other events as given in Figure 3.3. Possibly such a departure may indicate
a difference between the local and global processes and the way the PC index is obtained in
both conditions. Notably, all the coupling parameters and rates are found to peak during the
highest SML perturbations as well as during the time of SSCs of the geomagnetic storms. The
IMF-Bz and IEF-Ey are found to be the crucial field parameters behind the above-mentioned
drastic increments in the expansion phase of the supersubstorms, however, such a relationship
during SSC is not found.

A huge amount of energy enters into the earth’s magnetosphere, especially, during extreme
events and at the same time energy dissipation also happens rapidly. However, considering
only the supersubstorm periods, the magnetospheric input energy is found to be always more
than the energy dissipated. But while increasing the interval, the energy dissipated slowly
supersedes the magnetospheric energy input and eventually for larger periods say for 15 days
or more (Figure 3.6); the energy dissipated is always more than the total input energy (Tenfjord
and Ostgaard, 2013). A possible explanation for the longer duration response could come
through, one, the very slow accretion of input energy inside the magnetosphere due to weaker
coupling, and two, the dissipation of the stored energy through intra-magnetospheric dynamical
activities.

It is found that during the expansion and recovery phases of all the four supersubstorms,
maximum energy is dissipated through Joule heating, followed by that through the auroral
precipitation and ring current, which is consistent with the previous studies on substorms
(Rodger et al. 2001 and reference therein). In addition, the direct Joule heating in the dayside
ionosphere is possible through sudden ram compression which drives the FACs in the dayside
outer magnetosphere (Zhou et al. 2003). The direct solar wind energy input through the polar
cusp region is also a possible and feasible reason. However, when we proceed beyond the
supersubstorm period and carry forward the estimation for a larger period like one month, six
months, or even one year, the dissipation through the auroral precipitation supersedes the one
from Joule heating and persists as the largest energy sink (Figure 3.6). This result is in contrast
with some of the previous studies like (Tenjford and Ostgaard, 2013) who have also integrated
the energies for one year and found that the Joule heating sink energy attains the maximum (for
both the solar high and low activity durations). In this context, our results show that the period
of one year sampled either at the ascending or declining phase of the solar activity exhibits the
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auroral dissipation energy sink to be at the maximum among the energy sinks. A possible
explanation behind this observation could be that the high energy particle precipitation is found
to occur continuously both during the geomagnetic quiet and disturbed periods (Newell et al.
2009), albeit with different rates and values. The subject needs further investigation to obtain
a clear understanding of the duration of energy accumulation and its solar cycle dependence.
Additionally, it is found that the percentage share of the energy dissipated through the Joule
heating (ring current) is lower or equal in the expansion (recovery) phase in comparison to the
recovery (expansion) phase (Figure 3.7) of the supersubstorms. This is better explained by the
dominance of the ring current at the magnetospheric altitudes during the expansion phase and,
that of the dissipations at the ionospheric altitudes (i.e. Ohmic loss by the Joule heating and the
auroral particle precipitation) during a recovery phase.

Our results also show that the input efficiency, total magnetospheric input energy, and
sink energies are found at a level higher than a nominal ‘Akasofu-type’ substorm, but at a
comparable level with an average geomagnetic storm (of minimum Dst >-150 nT).
Nevertheless, it shall be noted that the energy distribution among sinks during the
supersubstorms corroborates better with a nominal substorm than an average storm. Generally,
a nominal substorm is considered exclusively to be a nightside phenomenon, and the input
energy during a substorm (i.e. the epsilon parameter) provides an accumulated effect of dayside
long-term coupling. Whereas, during a geomagnetic storm the sudden changes in the
interplanetary parameters like the velocity and IMF dominate the input energy. Hence, in the
case of the supersubstorms, which occurred during the solar cycle 24, an association of an
ongoing moderate (of minimum Dst >-150 nT) geomagnetic storm has brought down the
dissipation efficiencies (Figure 3.8). This conclusion is further vindicated by our results given
in Table 3.1, which show an average behaviour of supersubstorm lying between the substorm
and moderate storm levels for the input efficiency.

The rate of change of energy flow (i.e. the power transferred from the solar wind to the
magnetosphere-ionosphere system) is found to maximize at different times in terms of the
coupling power and the total dissipated power. These power terms are not necessarily
synchronized with the peaks in the available solar wind power. This follows from the fact that
solar energy can also enter into the magnetosphere through other channels like viscous
interaction (Axford and Hines, 1961; Tsurutani and Gonzalez, 1995), cross-field diffusion by
resonant wave-particle interactions at the dayside magnetopause (Sonnerup, 1980; Tsurutani
etal., 1981), penetration of the neutral component of the solar wind (H atoms) and development
of a variety of degree of ionisations (Gosling et al., 1980) and, the pressure fluctuation of the
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solar wind leading to the generation of the Alfven waves (Dessler et al., 1961), etc. The energy
coupling mechanisms are neither unique nor simplistic to directly unveil the underlying
processes and additionally, they vary for different storm/substorm processes. The peak in the
coupling power (i.e. the epsilon parameter) corroborates the observed peak in the total
dissipated power during all three events of 2011, 2012, and 2017. This signifies the control of
coupling between the solar wind and magnetosphere which subsequently also drives energy
and plasma flow through different channels within the magnetosphere which is also vindicated
by Figure 3.8.

Finally, this study has been expanded to confide with a statistical analysis using
observations from 101 substorms of different intensities. Our results show greater sink energy
during most of the substorms (processes on the nightside), whereas, greater magnetospheric
input energy for the more intense substorms and supersubstorms (dayside processes). Also, for
a shorter duration (i.e. one day), it is very interesting to note that the dissipation can be greater
than the magnetospheric input for the moderate and less intense substorms (SML>-1000 nT),
which is in contrast to the response of the intense substorms (SML<-1000 nT) and
supersubstorms. It is also found that for intense or supersubstorms a part of the input energy is
dissipated and the remaining energy is stored inside the magnetosphere. Eventually, it may be
conjectured that the occurrence of the completely isolated supersubstorm may be very rare. It
is found that with the increase in the intensity of the substorms, more part of the energy is
dissipated through the ionospheric energy sinks. Among the energy sinks, the Joule heating
sink is found to increase at a larger rate for an increase in the intensity of the substorms in
comparison to the other major energy sinks. This suggests that the earth’s magnetosphere reacts
differently to the substorms of different intensities for a particular interval of time. Our results
further qualify that with an increase in the intensity of the substorms, a lesser share of energy
is dissipated through ring current, and a higher share of energy through the ionospheric energy
sinks.

In a nutshell, our study quantitatively establishes an inference that the magnetosphere
reacts and responds in a coupled manner, which depends upon the intensity of substorms.
However, more investigations are needed to understand the mechanisms that can cause extreme

substorms during moderate and multi-step geomagnetic storms.

3.5 Summary and conclusions

A summary of the salient features and new findings from this study is given below.
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1. Multiple hits of the magnetic cloud associated with fast-moving background plasma are
found to be the main solar wind sources to cause the supersubstorm events in solar cycle
24. A comparison with the supersubstorms of solar cycle 23 provides lesser dominance
of shock waves during solar cycle 24 in the intervals preceding the supersubstorms.

2. The magnetosphere-ionosphere coupling parameters such as PCPD and FACs and the

d
d Pmp

solar wind-magnetosphere coupling rate R an ”

are found to peak during the highest

SML perturbations as well as during the time of SSCs. The IMF-Bz and IEF-Ey are
found to be the crucial field parameters behind the drastic increase in the expansion
phase of the supersubstorms, however, such a relationship during SSC is not found.

3. For shorter intervals like periods of substorms and supersubstorms, the magnetospheric
input energy dominates over the energy dissipated, whereas, for longer durations up to
one year, the energy dissipated surpasses. In a similar fashion, the dissipation through
Joule heating is found to be the dominant energy sink in shorter intervals but the
dissipation through auroral precipitation takes over for longer periods.

4. During the supersubstorm periods, the ionospheric sink energy dissipated through the
Joule heating attains a maximum, whereas, the dissipation through ring current remains
at the lowest levels. It is found that ~79-91% of the energy is dissipated through
ionospheric energy sinks during the supersubstorm periods.

5. The percentage share of dissipation through Joule heating is found more or equal in the
recovery phase with respect to the expansion phase of the supersubstorms, and that of
the ring current is found more in the expansion phase with respect to the recovery phase.

6. The input efficiencies are found at ~3.05%, 4.95%, 3.98%, and 1.15%, respectively for
the supersubstorms of 28 May 2011, 9 March 2012, 7 September 2017, and 8 September
2017. In the case of the energy dissipation through the major energy sinks, our results
show 73.95%, 58.56%, 37.72%, and 77.94 % efficiency during the above-mentioned
events, respectively. Thus, the results signify the control of coupling on the transmission,
conversion, and dissipation in the solar wind-magnetosphere-ionosphere system.
Occasionally, the solar wind-magnetosphere coupling is found to bear higher
importance than the available solar energy flux.

7. The dissipation efficiency (e2) and the ratio of the sink energies (e3) are found to be
inversely proportional to the intensity of the substorms. The Joule heating sink energy
is found to increase at a larger rate for an increase in the intensity of the substorms

compared to other energy sinks. A survey of 101 substorms of different intensities shows
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that the magnetosphere reacts differently to different levels of substorms. The energy
partitioning in the magnetosphere-ionosphere system also responds in a contrasting

fashion to different levels of substorms.

Finally, it is necessary to mention that further investigations are needed to examine the
relative dominance of processes like the energy sources and sinks in generating the observed
efficiencies for the extreme class of substorms. The work presented in this chapter is
published as a research article by Hajra et al. (2022). Following these findings and
interesting discussions on the solar wind drivers and the diverse coupling processes in the solar
wind-magnetosphere-ionosphere system occurring during supersubstorms, we have carried out
a comprehensive analysis of the resulting geomagnetic responses, which we will delve into in

the upcoming chapter.
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CHAPTER 4

SW-M-I Coupling During
Supersubstorms of Solar Cycle 24:
Geomagnetic Responses

“Electricity and magnetism are those forces of nature by which people who
know nothing about electricity and magnetism can explain everything.

-Egon Friedell
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4.1Introduction

Extreme space weather events can severely affect the low earth-orbiting satellites,
satellite navigation links as well as ground-based power grids, and the performance of modern
technological devices (Kappenman 2003; Schrijver et al. 2014; Tsurutani et al. 2015). The solar
wind-magnetosphere-ionosphere coupling during major interplanetary disturbances leads to an
episodic heavy energy impingement on the system and causes geomagnetic storms and
substorms (Tsurutani and Meng 1972; Gonzalez et al. 1994). The sudden enhancement of the
solar wind dynamic pressure associated with the solar wind transient structures like the solar
wind discontinuities and the interplanetary shocks (Tsurutani et al., 2011; Oliviera and
Samsonov 2018) can produce impulsive geomagnetic and ionospheric responses (Chi et al.,
2001; Zou et al., 2017; Wang et al. 2018). Especially, the substorm events manifest as the main
channels for the mass, energy, and momentum flow from the nightside magnetotail to the high
latitude ionosphere (Akasofu 1964; Kamide 1991; Rostoker et al. 1980; Baker 1996; Liou et
al. 2001; @stgaard et al. 2005; Ebihara 2019). The dynamical interaction of the dayside
magnetopause with the solar transients can also produce a variety of magnetospheric
perturbations at different scales (Oliviera and Reader, 2014; Yue et al. 2010). Particularly, the
enhanced solar wind pressure produces the compression of the dayside magnetopause. This is
manifested as a large step-like enhancement in the geomagnetic field intensity observed by the
ground-based magnetometers (Chapman and Bartles 1940; Matsushita 1962; Kamide 1991,
Rastogi, 1999; Villante and Piersanti 2011) known as the storm sudden commencement (SSC)
or sudden impulse (SI) (Kikuchi and Araki, 1979). The morphology of SSC or Sl has been
investigated by Tamao (1964), Matsushita (1962), Sugiura (1971), Araki (1977), Kikuchi and
Araki (1979) Araki (1994) and Yamada et al. (1997), which shows that different geomagnetic
depressions are associated with different current systems in the magnetosphere and ionosphere
(Fujita 2019 and references therein). Thus, the geomagnetic H-component response of the SSC
is known to be composed of the main impulse (MI) preceded by a short-lived preliminary
impulse (PI) during storms. Therefore, the geomagnetic depressions due to the SSC (Dssc) can
be given as Dggc = DLy + DPy; + DPp; where, DL and DP are the disturbances that
originated at the low and polar latitudes, respectively due to the Ml and PI. DPp; is found to
spread instantaneously in the TM,, (transverse magnetic zero) mode associated with the prompt
penetration electric field (PPEF) towards the equatorial latitudes (Araki, 1977; Kikuchi and
Araki, 1979; Reddy et al. 1979). The preliminary impulse (PI) can manifest (depending upon
the latitude and local time) as a preliminary positive impulse (PP1) mostly in the morning sector
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or a negative preliminary reverse impulse (PRI) mostly in the afternoon sector (Rastogi, 1993;
Sastri et al., 1993; Araki 1994; Yamada et al. 1997; Shinbori et al. 2009). Thereafter, the
magnetospheric convection at high latitudes produces a global dawn-to-dusk convection
electric field giving rise to the long-term enhancement in the H-component called a main
impulse (MI) (Kikuchi et al. 2001).

A geomagnetic substorm can occur in isolation or association with a geomagnetic storm
(Rostoker et al. 1980; Ebihara 2019). During the main phase of the substorms, a complex
interplay between all these currents and shock signatures ultimately leads to enhancements or
depressions of the geomagnetic field on different parts of the globe (Rastogi 1999; Piersanti
and Villante 2016). The composite effect of the magnetospheric and the ionospheric currents
observed at different time intervals can be resolved to obtain a resultant H-component
perturbation (Villante and Piersanti 2009; Araki and Shinbori; 2016; Amory-Mazaudier et al.
2017; Ganushkina et al. 2018). In addition, the variations of the D-component (which provides
geomagnetic east-west perturbations) during geomagnetic storms have also been investigated
in many previous studies like lyemori (1990), Tsunomura (1998), Rastogi (1999; 2005) Rastogi
et al. (2001), Villante et al. (2007), Villante and Piersanti (2009; 2011) and Piersanti and
Villante (2016). These studies have comprehensively shown that to understand the complex
response of the magnetosphere-ionosphere system during solar transient forcing (especially in
the case of the SSC), an analysis of the D-component variations is essential to decipher the
ionospheric contribution to the total current. Further, the intense magnetospheric and
ionospheric currents and associated disturbances in the geomagnetic field drive the
geomagnetically induced currents (GICs), which can be vulnerable to power-grid systems and
delicate technological appliances (Kappenman 2005). Some of the recent studies (for example,
Carter et al. 2015) have attempted to decipher the variations in the GIC, based on the variations
of the dB/dt (i.e. the time derivative of the total geomagnetic field intensity, B).

In general, a typical substorm is characterized by indices associated with auroral
electrojets, like AE and AL (Davis and Suguira 1966); however, the SML (Super Magnetic
Lower) index derived from the SuperMAG network of more than 300 magnetometers (Newell
and Gjerlov, 2011) maps and characterizes the extreme auroral events better than the other
indices. Tsurutani et al. (2015) have introduced a threshold of SML < -2500 nT (Super
Magnetic Lower index) to define the extreme substorm events as supersubstorms. Different
aspects of the supersubstorms have been reported in the literature such as the sources,
occurrence characteristics, morphology, and the associated auroral evolution (Tsurutani et al.
2015; Hajra et al. 2016; Adhikari et al., 2017; Hajra and Tsurutani 2018; Despirak et al. 2019;
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2020; 2021; Nishimura et al. 2020). Recently, Hajra et al. (2022) have reported a detailed
analysis of the supersubstorms of solar cycle 24 including the originating solar wind structures,
solar wind-magnetosphere-ionosphere coupling efficiencies, and the associated energy
partitioning in the magnetosphere-ionosphere system. They have noted that the multiple hits
by magnetic cloud structures have triggered the supersubstorms of the solar cycle 24 during
the respective ongoing geomagnetic storms. The following sections give observations and

methods, results, and a discussion with a summary of the new findings at the end.

4.2 Observations and Methodology

The durations of the phases of supersubstorms for this study are considered similar to
as mentioned in Chapter 3.2.1. The observations of the solar wind, interplanetary parameters,
and geomagnetic indices as extracted from NASA/GSFC's OMNI data set through OMNIWeb
(https://omniweb.gsfc.nasa.gov/form/omni_min.html) at a cadence of 1 min (see Papitashvili
& King, 2020) are used. The details about all these observations are given in Chapter 2.2.

The global high-resolution geomagnetic observations are obtained from the latitudinal and
longitudinal chains of magnetometers available at the INTERMAGNET website (https://imag-
data.bgs.ac.uk/GIN_V1/GINForms2) (see Love and Chulliat 2013 for the description of the
data set). More details regarding the observations taken from the INTERMAGNET chain of
magnetometers are provided in Chapter 2.7.1.

For the present study, we have divided the analysis of the observations into three sets.
The first set includes 13 stations from the latitude band of 70°-90°; the second set includes 60
stations from the band of 15°-70°, and the third set includes 9 stations from the band of 0°-15°.
However, for brevity and to avoid congestion in the presentation, we have selected a few
stations from each set to give results. Thus, the results include observations from 11 stations
from the first set, 16 stations from the second set, and 9 stations from the third set are given in
this Chapter. It is important to mention here that number of magnetometer stations vary by
region and time (not all magnetometers are functional at all times), especially during disturbed
periods. Figure 2.4 shows a map of the locations/stations selected for the present study. A list
of all the stations is provided as a table in the supporting information (S1-1) in Appendix B.

In addition, The SuperDARN (Super Dual Auroral Radar Network) convection maps
with a cadence of 10 minutes for all the supersubstorm durations obtained from the website of
SuperDARN through “ https://kauai.ccmc.gsfc.nasa.gov/instantrun/superdarn/” by selecting

the date and time. The details about the observations from SuperDARN are given in Chapter
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2.6.1. Finally, the effect of the GICs is represented using the dB/dt (nT/min) estimation from
1-minute sampled global H-component observations. Details of GIC computation are given in
Chapter 2.7.1.

4.3 Results

Following the definition of the supersubstorm, it is found that during the geomagnetic
storms of May 2011 and March 2012, only one supersubstorm occurred whereas, during the
geomagnetic storm of September 2017, two consecutive supersubstorms separated by an
interval of 12 hours (Hajra et al. 2022) occurred. In addition, it is interesting to note that all
three geomagnetic storms were less intense or moderate-level storms (of minimum
Dst >—-150 nT). A detailed analysis of the interplanetary parameters and H-component
variations at the time of the SSC and during the supersubstorms is performed. Results are

categorized for three different latitude bands as mentioned above in the following subsections.

4.3.1 Variations in the interplanetary parameters and geomagnetic indices

The variations in the X, y, and z-components of the interplanetary magnetic field (i.e.
Bx, By, and B;), the bulk velocity of the solar wind (V), and the solar wind dynamic pressure
(P) are given in the top four rows of Figure 4.2. The variations in the AE and SML indices
show the phases of the auroral perturbations during the supersubstorms, whereas the SYM-H
index is added to signify the associated geomagnetic storm phases. The supersubstorm
durations for these cases are provided by Hajra et al. (2022) in a detailed manner and these
durations are highlighted in all the results of the present study. A close inspection of the solar
wind parameters shows that the global minima in the variations in the IMF-By are found before
or during the supersubstorms. The phase variations in the IMF-By mostly match well with that
of the IMF-B; except for a few instances like around 23 UT on 8 March 2012 and 13 UT on 8
September 2017. The southward excursions of the IMF-B; coincide with the occurrences of the
supersubstorms which are indicated by the sudden rise/fall of the AE/SML indices, which is a
well-known phenomenon. On the contrary, no specific pattern in the variations in the IMF-Bx
is found.

As a common feature of most geomagnetic storms, the events of 2012 and 2017 show
a noticeable occurrence of an SSC, but the event of 2011 begins without an SSC. Neither the
solar wind pressure nor the bulk velocity showed any abrupt increase before the
commencement of the main phase of the supersubstorm on 28 May 2011.
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Figure 4.2. Variations in the interplanetary parameters for four days of duration covering the
supersubstorm events are given in the top four rows, and the bottom three rows give the
variations in the SYM-H, AE, and SML indices, respectively. Columns from left to right show
results for the 2011, 2012, and 2017 events, respectively. A vertical dotted line shows the SSC
during the events of 2012 and 2017 and the durations of the supersubstorms are highlighted by

brown shaded boxes in the respective panels.

However, the solar wind bulk velocity shows a peak on 29 May, long after the
occurrence of the supersubstorm. The variation in SYM-H shows bay-like decrement
around1500 UT on 27 May and ~0600 UT on 28 May, termed as the first-sub main phase, and,
a negative excursion between ~0600-2355 UT on 28 May, termed as the second-sub main
phase. An unusual extreme excursion in the SML index on 28 May occurred during the second-

sub main phase of the geomagnetic storm, which is also reflected in the AE index.
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Table 4.1. Temporal occurrence chart depicting start and end epochs with day and month of
the respective phases of the supersubstorms and geomagnetic storm events. The lowest values
of the SML and SYM-H indices in each case are also provided. The day and month of the

epochs are given in “dd/mm” format.

Events Supersubstorm Geomagnetic Storm
| S | o | S0 | Tyt | 00
of | ENe T | UT (ddimm) | BV | ssc, uT " PEe: | syM-H
Phase | " d/mm) (nT) ddmmy | @M Gymmy |0
1600
0847
0410 1605 (27/05) to
20111 (28/05) ézféggg (28/05) NIL 1113 (-94)
(28/05)
o651 1300
0215 1610 1104 | (08/03)to
20121 (09/03) §0297/8% (09/03) | (08/03) o7as | (149)
(09/03)
2017- | 2000 (83/%‘;) 0405 7130
sssi | (07/09) (08/09)
(-3712) 2345 | (07/09)to | (-146)
2017- | 1137 (383/%%) 0100 (06/09) (8&/%59)
sss2 | (08/09) 260 (09/09)

In contrast to the 2011 event, the SSC during the 2012 and 2017 events is accompanied
by an abrupt rise in the bulk velocity, temperature, and ram pressure (shown by a vertical
dashed line in Figure 4.2). Hajra et al. (2022) have classified the probable drivers of these
events and found an absence of both the forward interplanetary shockwave (IS) and the
interplanetary reverse shockwave (ISA) during the 2011 event and the presence of the both
during 2012 and 2017 events. This probably explains the non-occurrence of SSC during the
2011 event. The corresponding time and date of the SSCs are given in Table 4.1. A two-step
decrement in the SYM-H index during the 2012 event is noted following the consecutive
southward excursions in the IMF-Bz at 1200 UT on 8 March and 0215 UT on 9 March.

Similarly, three consecutive southward excursions in IMF-B; are found to occur during
7-8 September 2017. So, a three-step decrease in SYM-H is observed during the 2017 event
along with three simultaneous peak excursions in the AE and SML indices. Intriguingly, two
supersubstorm events are noted during this event namely ‘2017-SSS1” and ‘2017-SSS2°, which
respectively occurred on 8 and 9 September within about 12 hours. It is pertinent to highlight
here that in comparison to the ‘2017-SSS1°, the ‘2017-SSS2’ supersubstorm is found to be
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associated with a lesser magnitude of minimum IMF-B; and SYM-H index and negligible
variations in the solar wind temperature and ram pressure. Hajra et al. (2022) found that the
multiple hits by magnetic clouds associated with FAST background solar wind plasma possibly
triggered these supersubstorms. Additionally, they showed that the coupling efficiencies and
the energy balance eventually play a prominent role in triggering the supersubstorms. Table
4.1 gives a summary of the different phases and associated time epochs of the supersubstorms
and geomagnetic storms during the three events.

Following a magnetic reconnection in the tail-side (Ohtani et al., 2022), a substorm
onset location is often identified through a sequence of pre-onset and onset signatures using
multi-instrument observations (Lyons et al. 2018; Orr et al. 2021; Nishimura et al. 2022). The
substorms-related magnetospheric reconfiguration produces significant disturbances in the
currents which can be identified by using the observations from the ground-based network of
instruments like SuperMAG (e.g. Kaki et al. 2021; Orr et al. 2021) and SuperDARN (e.g.
Lyons et al. 2022). The SuperMAG network of magnetometer can be used to derive global
maps of the ground-level magnetic field perturbations in terms of horizontal component vectors
(Waters et al. 2015). To locate the onset of the supersubstorms in the present study, the polar
plots from the SuperMAG website at “https://supermag.jhuapl.edu/rBrowse” are obtained and
used. A detailed polar structure of the supersubstorm onset locations is given in the supporting
information as SI-7 in Appendix B. Accordingly, the geographic regions are visually marked
and noted to be surrounded by 59°-71° N and 95°-167° W for the May 2011 event, 55°-81° N
and 45°-150° W for the March 2012 event, 59°-70° N and 0°-30° E for the 2017-SSS1 event,
and 61°-72° N and 75°-150° W for the 2017-SSS2 event. It is important to note that the above
localization has its limitations due to the uneven distribution of magnetometers across the globe
(Kaki et al. 2021). Nevertheless, this information may prove helpful for an interested reader to

have a basic understanding of the location of the supersubstorms.

4.3.2 Global impact of the SSC

The occurrence of the SSC is noticeable during the events of 2012 and 2017 through
Figure 4.2. Quiet time variations of the H, D, and Z-components of the geomagnetic field show
an intriguing relationship (Rastogi and Stenning, 2002; Rastogi, 1999) over different latitudes
and longitudes as well as during SSC (Shinbori et al., 2009). Hence, it is important to
understand the latitudinal and longitudinal impact of the SSC, by using both the H-component
(north-south perturbations) and D-component (east-west perturbations) variations. Villante and

104



Chapter 4 SW-M-I coupling during Supersubstorms: Geomagnetic responses

Piersanti (2009) and Piersanti and Villante (2016) have found an emerging difference in
geomagnetic response across a range of latitudes. Therefore, latitudinal variations are

emphasized in the following section where we describe the results of the H and D components.

4.3.2.1 Variations in the H-component

Figure 4.3 shows the global H-component observations during the SSC for the 2012
and 2017 events. The results are segregated into two columns for each event, respectively for
the northern (NH) and southern (SH) hemispheric stations. For the convenience of the study,
columns are stacked into three rows of panels corresponding to a co-latitude band of 0°-45°,
45°-65% and 65°-90°, respectively. Notably, three distinct types of latitudinal signatures of the
SSCs in the H-component observations are found in Figure 4.3. A main impulse (MI) is
followed by each of the short-lived signatures mentioned below.

a) The step-like increase between co-latitudes of 0° to 45°

b) The step-like increase followed by a sudden decrease (between co-latitudes of 45° to
65°)

c) Sudden decrease (between co-latitudes of 65° to 90°).

Some of the unique features e.g. the step-like increase as reported earlier by Shastri et
al. (1993), Rastogi (1993), Yamada et al. (1997), and Kikuchi et al. (2001), are observed for
the co-latitude band of 0°-45° during both the 2012 and 2017 events in both the hemispheres.
The effect of the SSC as a step-like increase is observed at about 1104 UT and 2345 UT
respectively during the 2012 and 2017 events. The impact of the SSC over all the stations in
this low-to-mid latitude band is seen as a simultaneous rise irrespective of the local time (or
longitude of the station) and the phase variations in the H-component.

However, the absolute amplitude of the H-component is found to exhibit significant
local time and latitude dependence. The effect of local time can be inferred from the lower
values of the H-component over Dalat (Figure 4.3a, red curve) in the northern hemisphere and
Saint Helena (Figure 4.3d, blue curve) during the 2012 event. Similarly, during the 2017 event,
the lower values of the H-component over Dalat (red curve) and Kakioka (black curve) in the
northern hemisphere (Figure 4.3g), but comparatively higher values over Huyancayo (red
curve) in the southern hemisphere (Figure 4.3j) are observed. These observations resemble the

occurrence of a step-like preliminary positive impulse (PPI) followed by MI.
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Figure 4.3. Variations in the H-component at the time of SSC are shown from a group of
stations from the northern hemisphere (NH) and southern hemisphere (SH), respectively in the
left two and right two columnar panels for the events of 2012 (panels a to f) and 2017 (panels
from g to ). Panels from the top in each column correspond to a co-latitude range of 0°-45°,
45°-65°, and 65°-90°, respectively. Each curve corresponds to the observations from a station
whose code name with geomagnetic latitude is given in the legends. Legends for stations from
the NH (SH) are shown on the left (right). The vertical dotted line in each columnar panel
shows the time of the SSC.

Observations from the middle to higher latitudes (45°-65°) show a sudden impulse-like
rise followed by a sudden decrease in the H-component, which is found to last for about 3-15
minutes over different stations during the events of 2012 and 2017. These transient variations
show a Gaussian- kind of structure before reaching a stationary state of MI and remain
independent of the local time. The short-lived signatures take the shape of a Gaussian through
a sudden increase followed by a sudden decrease in the H-component. So, the observations
from the latitude band of 45°-65° resemble a Gaussian-kind of PPI followed by an MI.
Anomalously, the variations in the H-component over Port Alfred (CZT) (Figure 4.3e, red
curve) and Port-Aux-Francais (PAF) (Figure 4.3k, green curve) stations show very low
amplitude Gaussian-kind of structures in the southern hemisphere. Additionally, during the
2017 event, the H-component variations over Macquarie Island (MCQ) station show a negative

Gaussian-kind of structure (Figure 4.3k, black curve) which is in contrast to the variations over
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other stations in this band of latitude. A strong asymmetry in the occurrence pattern of the PPI
and MI in the latitude band of 45°-65° is noticeable between the northern and southern
hemispheres.

However, the H-component variations from the band of the high to polar co-latitudes
(65°-90°) show completely different signatures. In the case of 2012, a preliminary reverse
impulse (PRI) (with a 3 to 5-minute period) followed by a mild presence of the MI with
multiple undulations is seen over all the stations except over Thule (THL) (Figure 4.3c, black
curve) in the northern hemisphere and Vostok (VOS) (figure 4.3f, pink curve) in the southern
hemisphere. The variations over THL and VOS show the occurrence of the PRI followed by a
strong negative appearance of the MI which undergoes a depression of about -600 nT and -500
nT, respectively within ~20 minutes of the SSC. Also, a minute advance in the occurrence of a
sharp increase over CSY (Figure 4.3f, blue curve) before the dotted line in the case of March
2012 can be observed. Such an advance may be possible under the effect of local time over
CSY compared to other stations. But, in the case of the 2017 event, the H-component variations
show a signature of a PRI followed by a positive M1 with multiple undulations over the northern
and southern hemispheres over most of the stations. Intriguingly in the northern hemisphere
(Figure 4.3i), the time of onset of the PRI is observed a few minutes before the time of SSC,
and the earlier occurrences are found different over different stations. The onset of the PRI at
Yellowknife (YKC) is found to occur about 5 minutes before the time of SSC at 2345 UT
(vertical dotted line). Additional results on the response of SSC from the rest of the stations are
given in supporting information as SI-2 in Appendix B, which provides a detailed global
response from different latitudes.

In general, the net rise or fall in the amplitude of the H-component variations is found
to be the highest for the high-latitude stations and decreases towards the mid and low latitudes

during both events.

4.3.2.2 Variations in the D-component

Figure 4.4 shows the global D-component observations for 1-hour during the SSC for
the 2012 and 2017 events. Alike the previous section, the results are segregated into two
columns for each event, respectively for the northern (NH) and southern (SH) hemispheric
stations. For the convenience of the study and having a logical comparison with the H-
component perturbations, columns are stacked into three rows of panels corresponding to a co-
latitude band of 0°-45°, 45°-65° and 65°-90°, respectively.
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Figure 4.4. Variations in the D-component at the time of SSC are shown from a group of
stations from the northern hemisphere (NH) and southern hemisphere (SH), respectively in the
left two and right two columnar panels for the events of 2012 (panels a to f) and 2017 (panels
from g to I). Panels from the top in each column correspond to a latitude range of 0°-45°, 45°-
65°, and 65°-90°, respectively. Each curve corresponds to the observations from a station whose
code name with geomagnetic latitude is given in the legends. Legends for stations from the NH
(SH) are shown on the left (right). The vertical dotted line in each columnar panel shows the
time of the SSC.

Unlike the H-component perturbations, the signatures in the D-component do not
follow a specific latitudinal pattern, as reported earlier by Rastogi et al (2001) and other studies.
Nevertheless, a transient positive or negative Gaussian-like sudden impulse is observed over
most of the stations; while some of the low-latitude stations follow almost unperturbed
variations at the time of SSC. The positive and negative Gaussians resemble the upward and
downward FACs respectively, over high latitudes. The variations in the D-component show a
higher order of asymmetries and variabilities among the stations. The non-uniformity in the
perturbations of the D-component reflects the complex interplay of the SSC-related electric
fields and currents in the ionosphere. One important pattern observed in the signatures of the
D-component is an absence of the main impulse (as seen in the H-component variations) in
most of the cases. An indistinct main impulse (M) is observed over a few stations like KAK
(panel a), ASP (panel d), and PAF and MCQ (panel e) during the 2012 event; DLT (panel g),
HUA and PIL (panel j) and PAF (panel k) during the 2017 event. However, several cases of
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non-uniform and transient PPI e.g. from stations KAK and KOU (panel a), HLP, VAL, NUR,
UPS and LER (panel b), THL (panel c), PIL and PST (panel d), AIA (panel €), MAW and SBA
(panel f) during the 2012 event; and KAK (panel g), THL (panel i), PST (panel j), PAF (panel
k), MAW, DMC and VOS (panel i) during the 2017 event are observed. Similarly, several
cases of PRI e.g. from stations YKC, DED, and CBB (panel c), ASP (panel d), MCQ (panel ),
VOS (panel f) during the 2012 event; and HLP, VAL, NUR, UPS, and LER (panel H), CSY
(panel i), ASP (panel j), MCQ and VNA (panel I) are observed. With these specific signatures,
multiple undulations of small amplitude are also observed over some of the stations.
Intriguingly, the time of onset of the perturbations does not match well either with the advent
of the global SSC or with the step-like PRI/PPI patterns in the H-component. For example,
during the 2012 event, the positive or negative Gaussian-like signatures are observed at about
4-5 minutes after the onset time of the global SSC (designated by the dashed line at 1100 UT
on 8 March 2012). On the contrary, during the 2017 event, all the positive and negative
Gaussians-like signatures are observed at about 4-5 minutes before the global SSC occurred
(designated by the dashed line at 0000 UT on 7 September 2017). However, the onset epochs
of the events as observed in the D-component perturbations are almost the same for almost all
the stations. A close inspection also reveals a drastic structural difference between the two sets
of signatures during the two events. For example, during the March 2012 event, more positive
Gaussian signatures (and hence PPI) are found, whereas, during the 2017 event, mostly
negative Gaussians (and hence PRI) are found in the D-component signatures. Additionally,
the absolute fluctuations in the amplitude of the D-component are found to exhibit significant

local time and latitude dependence.

4.3.3 Response of H-components during the supersubstorm period
4.3.3.1 Response from the co-latitude band of 70°-90°

The supersubstorms are known to produce spatial and temporal variations of the storm
time auroral ionospheric currents, the magnitude of which can be different at different local
times and latitudes. The high latitude H-component (Figure 4.5) variations show a similar
pattern only for latitudes higher than ~75° within a particular hemisphere. For example, the
variations from all the stations in the northern (southern) hemisphere except over HRN (MAW)

station show a close resemblance with each other.
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Figure 4.5: The H-component variations as observed from the latitude band of 70°-90° for the
northern and southern hemispheres are respectively shown in the upper and lower rows. Each
panel begins with a quiet day followed by 2 days of variations covering each of the
supersubstorm events, respectively for 2011, 2012, and 2017 from left to right columnar panels.
The code name and geomagnetic latitude of each station are given on the rightmost side. The
observation from a station DMC for the 2011 and 2012 events is not available. Different colors

of the curves are used to indicate the difference in patterns of the variations.

Drastically different types of phase changes are observed over HRN and MAW. A close
examination of the patterns further shows better qualitative matches from stations of similar
latitudes (like pairs of station THL-RES and GDH-CBB), although they are longitudinally far
apart (see Table SI-1 in the supporting information in Appendix B). Also, there exists a strong
asymmetry across the hemispheres over the high latitudes. This interhemispheric asymmetry
is observed to a lesser extent during the 2011 event (summer) than during the 2012 and 2017
events (equinox). Hence, in the equinoctial periods, the asymmetry is found to be better
distinguished. Further, in terms of magnitude, the largest perturbations are not found over the
polar stations like CBB and HRN; but over the sub-polar regions (between ~70°-75° latitudes).
Intriguingly, the largest perturbations are seen (-1825 nT) during the 2012 event, though the
2017 event was the largest in terms of the lowest magnitude of the SML. A detailed response
from each station with the magnitude of the H-component variations from the latitude band of
70°-90° for four days covering each of the events is provided in the supporting information as

SI-3 in Appendix B. In general, some episodic fluctuations in the H-component are found

110



Chapter 4 SW-M-I coupling during Supersubstorms: Geomagnetic responses

before and after the period of each supersubstorm, which conform to the ongoing geomagnetic

activity associated with the supersubstorms.

4.3.3.2 Response from the co-latitude band of 15°-70°

The H-component variations from the magnetometers located between 15° and 70° (in
both hemispheres) are observed from 60 stations, however, for brevity, representative results

from 16 magnetometers are only shown in Figure 4.6.
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Figure 4.6. The H-component variations from the latitude band of 15°-70° from the northern
(top six rows) and southern (bottom four rows) hemispheres are given including observations
on a quiet day (yellow shaded box at the beginning of each column). The columnar panels give
results for the events of 2011, 2012, and 2017 respectively from left to right, wherein the
respective supersubstorm durations are shaded by vertical brown boxes. The geomagnetic
latitudes of the respective magnetometer stations are given on the rightmost side of each row.
The sudden reversals in the H-component variations are depicted by brown curves in different

panels and a black arrow in each panel represents local noon.

The H-component variations from the co-latitude band of 15°-70° for four days for each

event along with a reference quiet day are given in Figure 4.6. The panels are segregated
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according to the patterns in the variations of the H-component during the supersubstorm events.
Thus, we get well-matched variations for bands of 63° -70°, 56°-63% and 15°-55° N. For
example, the top row of Figure 4.6 (see Figure 4.6a, 4.6k, and 4.6u) shows peak depressions
over NAQ and CMO during the supersubstorm period between 63° N and 70° N in the northern
hemisphere with almost similar phase and amplitude variations. A similar pattern of deep
depression is observed over VNA from the southern hemisphere during the 2017 event.
Unfortunately, no observations from the southern hemisphere between 63°S and 70° S are
available during the 2011 and 2012 events.

However, some salient and common features of the H-component variations from the
co-latitude band between 56° and 63° are shown from the second to fifth rows from the top of
Figure 4.6. Each row gives variations respectively from LYC (62.50° N), LER (61.70° N),
UPS (58.36° N), and NUR (57.76° N) stations during all the three events of 2011, 2012, and
2017. The variations show a deep depression followed by a steep identical enhancement during
the supersubstorm events (shaded by brown boxes in Figure 4.6). This enhancement in the H-
component can also be termed as a reversal from an expected depression (global minima)
which is observed elsewhere from all the stations between 63° and 70° N (top row) and between
15° and 55° N (sixth row from top).

It is interesting to note that the variations in the H-component from the co-latitude band
of 15°-55° latitudes (sixth and seventh row from top) show almost identical patterns with
respect to the phase and amplitude during the supersubstorm events. For the sake of
convenience, the available observations from only three out of twenty stations from the 15°-
55° co-latitude band are plotted. Similarly, the variations from the southern hemisphere show
the pattern of a reversal over PAF (56.39° S) and MCQ (59.46° S) during the supersubstorms
of 2012 and 2017 given by brown curves in the ninth and tenth row from the top, respectively.

However, the variations over AIA (55.31°S), PAF (56.39° S), and MCQ (59.46° S)
stations during different events (see panels 5i, 5j, 5r and 5b1) do not match with the variations
from a similar latitude band (between 56° and 63°) either in the southern or northern
hemisphere. The variations over the CZT (51.10° S) station also show unusual phase reversals
of smaller magnitude during the 2012 and 2017 events. The depressions in the SYM-H, SML,
and AE indices (shown in Figure 4.1) are found to greatly vary in contrast with the phase
reversal patterns (enhancements) during the supersubstorm periods shown by the curves in dark
brown in Figure 4.6. Results of H-component variations from a few more stations, especially
in the latitude band of 15°-55° and 63°-70° are provided in the supporting information as SI-4
in Appendix B to strengthen the above-mentioned statements.
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4.3.3.3 Response from the co-latitude band of 0°-15°

It is known that the equatorial ionosphere exhibits a completely different set of current
systems from that found in the other latitude bands, although, the dawn and dusk current
systems are reported to be connected to the high latitudes. Nine magnetometer stations which
are confined within 15°N and 15°S located at Dalat (DLT), Guam (GUA), Hyderabad (HYB),
Phuthuy (PHU), Kourou (KOU), Huancayo (HUA), Ascension Island (ASC), Saint Helena
(SHE) and Apia (API) are selected and corresponding observations are analyzed during the
supersubstorm events. Figure 4.7 gives the H-component observations during the events with
a respective quiet day variation from the northern (top five rows) and southern (bottom four

rows) hemispheres.

May 2011 March 2012 September 2017
Quiet Disturbed Days — > Quiet <« Disturbed Days —— > Quiet  «— _Disturbed Days —— »
1000 b ; = = " ,
ool d T ) B T ) LA« P v A H-\;\Wiﬂ x] [
i -200 (@ (h ®) 20,226
1 T T T T T T i f f f f f f v f T T T T T
1100/ ¥ v 4 ¥ v v v v v ¥ v | ¥ ¥ Phuthuy
H S ] PSRN e Ny o _— 11.04 N,
£ -200 | dass 0 V MW"&W ) \/’"V’“” @ | et
@ 100 ¥ ¥ * ¥ v -y ¥ ¥ v M ‘L I ‘I’ _¢ ‘* ] ‘g« ] Hyderabad
= T T et T e L —— 862N,
‘}6'_' 200 = | L \r\,.ﬂw\lw/_,w\._,,-—— 5 “\/F\F.wf o oaasE
RUSEER IR SaE, P unE e s o
E =200, . . I ’-.‘}\ﬂ’,ﬁ'ﬂ‘ [C R \ﬁ_-/hkkw:\'\ g ”W-"A“’(I)“ T W‘ (s_)' 143.76 W
i 100 SRR R A Ay 1 =
7, S ey R t L . L .
E : -200 - - i W’A”_/\Jﬁr ‘V”\;"'J _.f_(—t-). Tl W
f :_- 100 T v 0 v T i T T \ T T T T ] Huancayo
i “"’{A\"“/\H\,{'\rﬂj\ NVAUEENEVAR NM ---—/¢ SN \_@A 2,
' o00-. ¥ ¥ ¥ vy ey 0 ¥ v v (m)y Y 12 v
100 BRi===: : EuEel
= " T T P I I T ey 56,
-200 - v % ¥ ¥ IV N + \“r ’»\I‘T‘/‘ Yy Y(n) ) 527?§st
0 Vv saine
. _ N ¢ meesr B
| 200 ‘ _, . : : (w) Vi
H 100 N A JI - v . v ¥ \J ¥ L j-l\w/ Y ¥ ¥ M e
e - — - - pia
E -200 @ | _}\/\.\N,./\M—/“‘-—F(’S) "‘\,,,«.h,_—f-—rx) L
. A e [ S T e e e B L T — T T — Y
20/05 27/05 28/05 29/05 30/05 24/02 08/03 08/03 10/03 11/03 30/08 07/09 08/09 09/09 10/09
uTt uTt uT

Figure 4.7: The variations in H-component as observed over the co-latitudes between 0° to 15°
from the northern (top five rows) and southern (bottom four rows) hemispheres, respectively,
beginning with the variations on a quiet day (shaded by yellow boxes) for each event are given.
All panels are plotted against UT, whereas, the axis tick marks in each panel correspond to
local midnight and local noon with a black arrow depicting the local noon time at the respective
station. The tick marks given on the bottom abscissa depict 0000 UT and 1200 UT for
reference to all the panels. Blank panels represent an absence of the observations from Dalat
and Saint Helena stations in the corresponding rows during the May 2011 and March 2012

events.
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The H-component variations from low latitudes show two completely different types
of signatures depending upon the local noon. An obvious qualitative similarity in the variations
among the second (PHU), third (HYB), fourth (GUA), and fifth (DLT) rows from the northern
hemisphere (red curves) and ninth (API) row from the southern hemisphere (blue curve) is
observed. This set of magnetometer stations is located between 78° and 188° E geomagnetic
longitude (called set-1 magnetometers in this study). These stations exhibit sharp and well-
distinguished H-component depressions up to -200 nT or lesser during supersubstorm events.
The minimum depressions of the H-component at all these stations are found to be
simultaneous during each event. The other type of the H-component variations is found in the
northern hemisphere (red curve) and is given in the first (KOU) row and southern hemisphere
(blue curves) in the sixth (HUA), seventh (ASC) and eighth (SHE) rows of Figure 4.7. These
stations are located between the geomagnetic longitudes of 284° and 354° E (called set-2
magnetometers in this study) and show multiple local depressions. The depressions over these
stations show multiple bay-like gradual decrements around the global minimum and are not so
well-distinguished in comparison to the sharp signatures from the set-1 magnetometers noted
above. It is noteworthy that KOU being located in the northern hemisphere (red curve) belongs
to set-2 magnetometers (where all other sites are from the southern hemisphere) and API is
located in the southern hemisphere (blue) belongs to set-1 magnetometers (where all other sites
are from the northern hemisphere). A clear local noon-dependent pattern is observed as a
causative mechanism behind the stark difference in H-component variations between the set-1
and set-2 magnetometers. This proves the local time and longitude dependence of the H-
component perturbations in low latitudes.

During the successive events of 2017-SSS1 and 2017-SSS2, it is observed that the
magnitude of the minimum depression during the first supersubstorm (2017-SSS1) is found to
be more than that of the second one (2017-SSS2) recorded by the magnetometers at KOU (first
row), GUA (fourth row), and HUA (sixth row) stations as given in Figure 4.7. On the contrary,
the magnitude of the minimum depression during 2017-SSS1 is found to be less than 2017-
SSS2 at HYB (third row), DLT (fifth row) ASC (seventh row), and SHE (eighth row) stations.
Intriguingly, the observations show no depression during 2017-SSS2 at API (ninth row) and
almost equal depression during both the events of 2017 at PHU (second row) station. For the
2011 event, the minimum depressions are found to be between the evening and the night-time
sector (peaking at ~2200 LT at GUA, at ~1800 LT at HYB, and at 1930 LT at PHU) for the
set-1 magnetometers. On the other hand, minimum depressions are found to occur around the

noon or afternoon sector in the case of the set-2 magnetometers. For the 2012 event, the set-1
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magnetometers exhibited the minimum depressions between afternoon and evening, and the
set-2 magnetometers during the morning and noon intervals. For the 2017-SSS1 (2017-SS2)
event, the depressions are observed during the morning-noon (night) interval for the set-1
magnetometers and the night (afternoon-evening) interval for the set-2 magnetometers.

4.3.4 Response of D-components during the supersubstorm period

The supersubstorms affect the ionospheric currents at all latitudes and the effect of
FACs generated during these events can be observed over the high-altitude auroral current
system. All these variations are well-reflected in the variations of the D-component as well.
The magnitude of the D-component varies according to local time and latitude and shows
different patterns of behaviors with respect to those of the H-component (Rastogi et al., 2001).
The D-component variations from the co-latitude range of 15°-70°are observed from 60
stations, but results from only 4 stations (LER, UPS, NUR from the northern hemisphere and
PAF from the southern hemisphere) located between 55° and 70° are shown in Figure 4.8 for
brevity. Similarly, out of 9 stations located between co-latitudes of 0° and 15°, the results from
4 magnetometers (HYB, GUA from the northern hemisphere and HUA, ASC from the southern
hemisphere) are only shown. The most important signature discernible from Figure 4.8 is that
the D-component does not attain a global minimum when the H-component (Figures 4.5 to
4.7), SML, and SYM-H (Figure 4.2) attain drastic decrement. Rather in some cases, positive
undulations in the D-component are observed when the H-components show extreme fall,
which relates to the latitude of the station and associated current systems during the
supersubstorm.

A north-south hemispheric asymmetry corresponding to the high latitude
magnetometers is found in the D-component but with a lesser magnitude than in the H-
component. Alike the variations in the H-component, the high latitude D-component shown in
the top and bottom rows of Figure 4.8 (a, k, u, J, t, d1) variations show a similar pattern only
for latitudes higher than ~75° within a particular hemisphere. A completely different pattern of
the phase variations in the D-component is observed for the stations located between the
latitudes of 70°-75° e.g. the variations over HRN (northern) and MAW (southern) stations.
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Figure 4.8: Observations of the D-component from a particular station are given in each row
respectively in the columnar panels for the events of 2011, 2012, and 2017 from left to right.
The vertical arrangement of panels is made to display the variations from pole-to-pole
following a notation for hemispheres given on the left. The station code names with
geomagnetic latitudes are given at the right of each row. The curves in red, blue, and violet
respectively refer to the high latitude, the sub-auroral/mid-latitude, and, the low-latitude
stations. All panels are plotted against UT, whereas, the axis tick marks in each panel
correspond to local midnight and local noon with a black arrow depicting the local noon time
at the respective station. The tick marks given on the bottom abscissa depict 0000 UT and

1200 UT for reference to all the panels.

The variations from 55°-70° co-latitudes show a deep depression followed by a steep
identical enhancement during the supersubstorm periods shaded by brown boxes in Figure 4.8.
Interestingly, during the 2011 and the 2012 supersubstorms, the mid-latitude phase reversals
are only observed over the PAF station from the southern hemisphere which is like the H-
component phase reversals from both hemispheres. During the 2017-SSS1, the phase reversal
of the D-component is observed, much like the H-component variations. The very interesting
fact is that global maxima (minima) in the D-component is found in contrast to global minima
(maxima) in the H-component during the 2017-SSS1 (2017-SSS2) event over the mid-

latitudes.
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In context to the low latitude variations (0° and 15° co-latitudes), consecutive
undulations with many local maxima and minima and no signature of global minimum during
the supersubstorm period are observed over almost all the stations. In contrast to the H-
component variations, no common or specific pattern in the variations in the D-component
from any of the stations is observed. Most importantly, in most cases, drastic enhancements
are observed during the supersubstorm period indicating an increase in the eastward
geomagnetic field. The D-component perturbations are found to vary significantly from one
station to another, which is possibly due to large longitude differences and a varying presence
of the local currents and electric fields. Eventually, it implicates a highly variable, and local
time-dependent nature of the low-latitude ionosphere. A detailed response with a specified
magnitude of the D-component variations for four days covering each of the events is provided
in the supporting information as SI-6 in Appendix B.

4.3.5 Signatures of the GIC during supersubstorms

The variations of geomagnetically induced currents (GICs) can be represented based
on the variations of the dB/dt, the time derivative of the total intensity of the geomagnetic field
variations at the ground. The variations of latitudinal peak maximum and minimum values of
dB/dt (Figure 4.9) are obtained by using 1-minute sampled H-component observations from
globally-spread 45 stations of the INTERMAGNET network.

It is found that the perturbations in the dB/dt are almost negligible within the latitude
band of 5°-55° latitudes in both hemispheres during all the supersubstorm events. Whereas, a
minor amplification of the dB/dt over the dip equatorial region is observed. The equatorial
enhancement in the GIC during geomagnetic storms and impulsive events has been known (see
Ngwira et al. 2013; Carter et al. 2016 and references therein) under the effect of the equatorial
electrojet. However, the sudden huge amplification of the dB/dt noted over the auroral and sub-
auroral stations (with latitudes higher than ~55°) in both hemispheres needs to be seen under
the effect of the different current systems. The maximum dB/dt values are measured during
2011, 2012, and 2017 events respectively at CMO (315.34 nT/min, 65.38° N), SOD (349.35
nT/min, 63.95° N), and LYC (868.83 nT/min, 62.54° N) in the northern hemisphere and, at
CSY (626.72 nT/min, 76.05° S), MCQ (279.59 nT/min and 59.66° S), MAW (486.52 nT/min,
73.07° S) in the southern hemisphere. The stations located between 55°-80° latitudes record the
peak value of the dB/dt (~900 nT/min) compared to the stations closer to the respective

geomagnetic poles.
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Figure 4.9. The maximum and minimum dB/dt values as observed over 44 magnetometer
stations are given according to the geomagnetic latitude of the stations. The peak values
corresponding to the supersubstorm event of 2011, 2012, and 2017 are given by red, blue, and

green markers, respectively.

The variations show a clear north-south asymmetry in the peak deviations during each
event and among the events. Further, the diurnal variations of the dB/dt over different stations
at different latitudes show very intriguing and interesting patterns beyond the duration of the
supersubstorms as shown in Figure 4.10. Although the variations from 40 magnetometer
stations are analyzed, the observations from only 5 stations are shown in Figure 4.10 for
brevity, which represents very unusual and unique characteristics.

It is observed from Figure 4.10 that for the 2011 event, all of the multiple peaks of the
dB/dt fluctuations occur outside the period of the supersubstorm event. Almost similar kinds
of signatures are found in the case of the 2012 event. However, for the 2017 event, most of the
enhancements are found to occur during the supersubstorm period, whereas, a few cases of

outside occurrences are also observed.
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Figure 4.10. The variations in the dB/dt for four days surrounding the supersubstorm period
are given in columnar panels from left to right, respectively for the 2011, 2012, and 2017
events. The top three rows show variations from the northern hemisphere and the bottom two

rows from the southern hemisphere for the respective stations.

The dB/dt variations for the above-mentioned four-day period of events from all over
the globe are examined. It is found that the high-latitude stations show prominent signatures of
large fluctuations even outside the supersubstorm periods. A similar result for the peak dB/dt
variations is shown in Figure 4.9. This result corroborates the fact of the non-uniformity of the
GIC threat over the high latitude regions. The anomalous and inhomogeneous variations of the
dB/dt are discussed in a section below in light of the latitude-longitude variations in the field-

aligned currents and their relationship with the total variations in the H-component.

4.3 Discussion

The solar cycle 24 exhibited only four supersubstorms during three space weather
events compared to the higher number of supersubstorms during solar cycles 21 to 23 (Hajra
et al. 2022). The implications of the supersubstorm events in terms of their geomagnetic
response are also very interesting, as their characteristics are very unusual and unique.

First, the results on the impact of the storm sudden commencement (SSC) on the H-

component during the moderate geomagnetic storms of March 2012 and September 2017 are
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given (in Figure 4.3). The SSC is found to exhibit a latitude-dependent short-lived signature
(preliminary impulse) followed by the main impulse (MI) (Sastri et al. 1993). The short-lived
signature is found to be of three distinct types namely: a step-like PPI in the latitude band of
0°-45°, a Gaussian-kind of PP1 in the latitude band 45°-65°, and, a PRI in the latitude band 65°-
90°. Within the band of 0°-45° latitudes, the low latitude step-like sudden rise of the H-
component is possibly produced from the Chapman-Ferraro current which originates at the
sudden shock impinged on the magnetopause (Yamada et al. 1997; Fujita 2019 and references
therein). This shock traverses longitudinally as a compressional hydromagnetic wave across
the magnetospheric cross-section and enhances the geomagnetic field (Araki 1977). It is
noteworthy to mention that the impact of this sudden shock or the resultant Chapman-Ferraro
current at the magnetopause is simultaneous on the geomagnetic field at the low latitudes on
the earth’s ionosphere and is observed as the step-like PPI in the present study (Figure 4.3). On
the contrary, the high latitude preliminary reverse impulse (PRI) is produced due to the dusk-
to-dawn electric field (of the DPp) origin) at high altitudes in the magnetosphere and transmitted
tailward in the magnetosphere. This field propagates as a transverse hydromagnetic wave along
the geomagnetic lines of force down to the high-latitude ionosphere (YYamada et al. 1997) and
eventually produces FACs. Hence, the advent of the high-latitude FACs may happen after some
time of the advent of the Chapman Ferraro current (at the magnetopause) which can produce a
finite delay in the occurrence of the PRI with respect to the step-like PPI. Nevertheless, the
high latitude FACs subsequently generate a twin vortex type two-cell DP (disturbance polar)
current system known as DP2; composed of the ionospheric Hall and Pedersen currents
(Kikuchi et al. 1996). Over the mid-latitudes, the poleward progression of the enhancement in
the H-component due to the Chapman Ferraro current (step-like positive impulse) is modulated
by the gradual expansion of the high-latitude DP2 current cell, causing a subsequent decrement
in the H-component (a negative impulse) ultimately creating the Gaussian-kind of PPI. This is
observed as the second signature of the SSC vastly in the latitude band of 45°-65° in both
hemispheres (Figure 4.3). Later, the magnetospheric convection at high latitudes produces a
global dawn-to-dusk convection electric field giving rise to the relatively longer-term
enhancement in the H-component called a main impulse (MI) (Yamada et al., 1997; Fujita 2019
and references therein). The Ml is observed in the low and mid-latitudes after the occurrence
of the PPI (Figure 4.3). Intriguingly, a completely different signature of sustained decrement
after PRI is observed over polar stations in the northern (Thule) and southern (Vostok)
hemispheres during the 2012 event as shown in Figure 4.3. At a high latitude station near the
pole, we surmise that the flow of strong FAC and a subsequently higher magnitude of Hall-
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current dominates the impact of the global magnetospheric convection, causing the above-
mentioned negative main impulse after the PRI over there.

However, it is significant to note that even within a given latitude band as mentioned
above, different shapes of the PP1, PRI, and M1 are observed at different local times in response
to the SSC, which requires further exploration of the underlying mechanisms. Recently,
Piersanti and Villante (2016) have reported a latitude-specific response and explained the
magnetospheric and ionospheric contributions using model simulations. So, an analysis is
performed considering the possible current systems that could arise in the magnetosphere-
ionosphere system during different periods and eventually produce the net variations in the H-
component during a geomagnetic event. A complex interplay of the global magnetosphere-
ionosphere current circuit is found to produce perturbations in the net H-component (AH) at
any given latitude and local time. The AH can be expressed in terms of the perturbations due
to the Chapman-Ferraro currents (AHcg), FACs or the Birkland currents (AHgac), ring currents
(AHR), partial ring currents (AHer), polar ionospheric currents such as DPO, DP1, and DP2
(AHppo, AHpp1, and AHpe2), cusp current DPY due to substantial IMF-By (AHppy), equatorial
electrojets (EEJ) (AHegs) and counter electrojets (CEJ) (AHces), etc. (Kikuchi et al. 2001;
Amory-Mazaudier et al. 2017). Following the studies by Cole (1966), Kamide and Fukushima
(1971), Le Huy and Amory-Mazaudier (2005), Nava et al. (2016), Amory-Mazaudier et al.
(2017), the global disturbance amplitude can be expressed as the sum of all the above terms
with two additional terms of disturbance dynamo (AHpynamo in the ionosphere) and tail current
(AHr in the magnetosphere). The ionospheric disturbance dynamo (AHpynamo), Which is
generally delayed (towards the equatorward latitudes (Fejer et al. 2017) with respect to the
advent of other currents and fields, also play a significant role. Eventually, the net disturbance
can be expressed as:

AH=AHcr+AHr+AHract+AHr+AHpr+AHDpo+AHpp1+AHppotAHopy+AHeestAHcert AHpynamo

To further corroborate our results on the impact of the SSC on the global H-component
variations, the results from one of the possibly largest supersubstorms in the space age, which
occurred on 21 January 2005 (with minimum SML=-4035 nT) are analyzed. It can be
designated as an example of an isolated supersubstorm following Tsurutani et al. (2015)
because the SML index during this event uniquely reached its minimum during the time of the
SSC (and note in the vicinity of the main phase) of the associated geomagnetic storm. In the
context of the results from the present study, wherein, the supersubstorms are associated with

an ongoing geomagnetic storm, it is significant to compare the H-component variations during
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the supersubstorm of 21 January 2005. The global H-component variations (from 29
magnetometer stations) from 21 January 2005 are corrected using quiet days of observations
during 6-8 January 2005.

A sharp depression in the SML index at ~1738 UT (Figure 4.11a) corresponds to a
signature of SSC in SYM-H at ~1709 UT (Figure 4.11b) followed by the start of the main phase
of the geomagnetic storm at ~1920 UT (Figure 4.11b). A sharp positive step-like excursion of
the H-component can be seen at ~1713 UT (Figure 4.11c) from the stations located between a
latitude band of 0°-55°, which conforms to the occurrence of the SSC. However, at the time of
SSC, the mid-latitude reversal of phase of the H-component occurs poleward from ~55°, which
gets enhanced in the latitude band of 58°-63° during the supersubstorm period between ~1713
and 1820 UT. While the largest perturbations are seen over the high latitude stations, the results
of Figure 4.11 substantiate that during extreme events like supersubstorms, the reversal of the
phase in the H-component occurs with the poleward boundary of ~55° in both hemispheres.
Our results as given in Figure 4.6 show a similar signature of reversals which has already been

explained as a result of the composite effect of the currents produced at the time of SSC.
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Figure 4.11. Panels (a) and (b) receptively give the variations in the SML and SYM-H indices
during 21-24 January 2005. Brown-shaded regions in these panels highlight observations on
21 January 2005 which are blown out in panel (c), which gives the variations in the H-

component as observed by 29 stations from the northern and southern hemispheres. The station
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code with geomagnetic latitude for each curve in panel (c) is given on the right side and two
heavy red curves depict the poleward beginning of the phase reversal in the H-component

variations.

The multiple peaks and depressions over the high-latitude stations as shown in Figure
4.5 are possible because of the formation of the FACs and the associated DP currents, which
are absent over the mid and low latitudes. The inter-hemispheric (north-south) asymmetry
observed at high latitudes in the case of the 2011 event can be attributed to the seasonal (winter
versus summer) effect. The growth and decay rates of the plasma in the southern hemisphere
could be grossly different due to the nightside (substorm current wedge) compared with the
northern hemisphere (dayside) (Milan et al. 2017) during the 2011 event. The phase changes
over HRN and MAW stations compared to other polar stations (Figure 4.5) are found to be
remarkably different. The curling auroral electrojet currents can induce depressions
(enhancements) of varying magnitude depending upon the location being equatorward
(poleward) from the respective center of the concentric DP2 vortices, which provides a
plausible explanation of the observed changes.

In addition, the large instantaneous positive reversals observed during all the
supersubstorm events between 56° and 63° latitudes (as shown in Figure 4.6) can be explained
through a complex interplay of many competing factors, which act simultaneously. During
these extreme substorm events, the generation of many complex systems like the
magnetospheric currents and their manifestations, DP currents their equatorial manifestations,
the auroral and sub—auroral joule heating and the corresponding dynamo, the Hadley cell
between the pole and the equator due to thermospheric storm winds, etc. happen (Ganushkina
et al. 2018; Ebihara 2019) and the complex interplay eventually lead to some unique kind of
signatures depending on the local time and latitude. The ionosphere over the latitude band of
56°-63° also connects to the low latitude boundary layer (LLBL), which separates the inner and
outer magnetospheric regions. In addition, there could be ionospheric equivalent currents
related to the bursty-bulk-flows (Keith and Heikkila, 2020) that could produce fluctuations in
the H-component of the geomagnetic field. Hence, it is highly probable that a composite effect
of all the above-mentioned currents in this latitude band has resulted in a unique and
characteristic geomagnetic response. Ebihara (2019) has performed simulations that have
reproduced various processes and their signatures during the substorm occurrences.

Considering their involved analysis of the coupling processes and their manifestation in the
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magnetosphere-ionosphere system, the effect of supersubstorms on the global H-component

variations needs further investigation.
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Figure 4.12. The latitudinal and longitudinal extensions of the DP2 current system as observed
by SuperDARN radars during the 2011 event are presented. The variations in the DP2 just
before the start of the expansion phase are given in the left panels and at the peak of the main
phase in the right panels respectively, for the northern (upper panels) and southern (lower
panels) hemispheres. Various label and notations have their usual meanings according to
Cousins et al. (2013).

To substantiate this unique result and to strengthen the above qualitative explanation,
the high latitude convection maps produced using the SuperDARN radars (Cousins et al. 2013)

are used. Figure 4.12 provides a time-specific latitude-longitudinal map of the DP2 current
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system associated with the time interval of the large positive enhancement in the H-
complement in the latitude band of 56°-63° (Figure 4.6). For brevity, the observations from
SuperDARN radars are shown in Figure 4.12 for the supersubstorm event of May 2011. The
SuperDARN convection maps with a cadence of 10 minutes for all the supersubstorm durations
are provided in the supporting information as SI-5 in Appendix B. The maps can also be viewed
at the website of SuperDARN through
“https://kauai.ccmc.gsfc.nasa.gov/instantrun/superdarn/” by selecting the date and time.

Figure 4.12 shows that the dominant cell of the DP2 current system (depicted by deep
red or blue colors in the map), in general, extends up to ~75° or at most ~70° just before the
expansion phase of the supersubstorm (which can be considered as the quiet time) in both the
hemispheres. However, at the peak of the supersubstorm, the cell extends equatorward up to
~55° and a series of the convection and velocity maps (given in SI-5) show that the latitude
band of ~55°-65° marks the equatorward boundary of the DP2 current system. It is found that
during these supersubstorm events, the equatorward expansion of the FACs happens which
pervades up to the mid-latitude (~55°) in both hemispheres. We have noted at the beginning of
this section that at the same time, a poleward expansion of the effect of the compressional
hydromagnetic wave and the resulting Chapman Ferraro current also happen. Thus, the
resultant latitudinal signature is a composite effect of all these ionospheric and magnetospheric
currents (Ganushkina et al. 2018; Ebihara 2019 and references therein) observed at different
time intervals as observed in the H-component perturbations in all the cases.

The main phase of the geomagnetic storms begins with the formation of the ring current
and the partial ring current in the inner magnetosphere (at about 5 Re to 7 Re) which produces
two major different sets of depressions (Figure 4.7) in the H-component over low latitudes.
With the subsequent decay in the ring current and partial ring current during the recovery phase
(Gonzalez et al. 1994), the H-component perturbations revert to their quiet time signatures. The
H-component variations in the close vicinity of the dip equator are also affected by the
equatorial electrojet (EEJ) and are highly dependent upon the local time and the phase of the
storm (Peymirat et al. 2000; Amory-Mazaudier et al. 2017; Dashora et al. 2019). Our results
show that Huancayo (HUA) and Ascension Island (ASC) stations being very close to the dip
equator, suffer from the largest variations (Figure 4.7) compared to other stations within the
low latitude region. The longitudinal differences in the H-component responses (e.g. 2017
event) conform to the dominance of the local time effects in the resultant variations. The
intensity of the low-latitude ionospheric currents depends upon an anisotropic distribution of
the ionospheric conductivity and the electron density during the events. The equatorial and low
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latitude ionosphere show large longitudinal differences owing to various factors like the UT
start time of the storm and the difference in the topology of the geomagnetic field around the
globe (Greer et al. 2017). Hajra et al. (2022) have recently performed a detailed analysis of the
solar wind-magnetosphere-ionosphere coupling processes during the supersubstorm events (an
extension of which is presented in this study). So, we understand that both the coupling scenario
and the patterns in the H-component observations pose serious challenges to quantifying and
understanding the interdependence of the competing factors and underlying mechanisms.
Further investigations are needful in this context.

The perturbations in the D-component of the geomagnetic field are shown in the context
of the impact of SSC (Figure 4.4) and the impact of the supersubstorms (Figure 4.8). Previous
studies have shown that during an SSC event, a combination of ionospheric and field-aligned
currents dominate the perturbations in the D-component (Kamide et al., 1981; Villante and
Peirsanti, 2009 and references therein). Also, a latitudinal dependence of contributions from
the magnetopause current (low to mid-latitudes) and Hall current (high latitudes) contributes
majorly to the perturbations in the H-component. Using a chain of geomagnetic observatories,
the latitudinal variations in the H, Y, and Z components of the geomagnetic field during SSC
events are investigated by Rastogi (1999) and Rastogi et al. (2001). They found that the
amplitude of the SSC in the H-component increases with decreasing latitude, while it shows a
weak latitudinal dependence in the Y- and Z-components, which again show a strong-day-night
asymmetry. Villante and Piersanti (2011) have studied the effect of sudden impulse events
using simultaneous records from the geosynchronous satellites GOES 8 and GOES 11, as well
as from the ground-based magnetometers located in Italy and Antarctica. They have established
a global nature of SSC that affects the entire magnetosphere-ionosphere system with a delay in
the onset time at different locations mostly owing to the solar wind-speed, and direction
associated with varying strength and duration of the IMF-Bz.

The results of the present study on the effect of SSC on the D-component for the 2012
and 2017 events are shown in Figure 4.4, which depicts a weak latitudinal pattern. Positive and
negative Gaussian-type patterns in the D-component over most of the stations resemble
respectively eastward and westward geomagnetic perturbations. An ionospheric contribution
to the D-component follows from increments/decrements in the storm time electric fields,
which produce currents in a specific distribution of ionospheric conductivities and hence
greatly depend upon the local time (longitude) (Rastogi 1999; Villante and Piersanti, 2011).
Piersanti and Villante (2016) have estimated the individual contributions to the total current

over a given latitude range and deciphered the contribution of the FACs and ionospheric
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currents in response to the Pl and M1 during different geomagnetic storms. They have used the
TS04 (Tsyganenko and Sitnov, 2005) model to estimate different magnetospheric currents and
obtained the sum of the Chapman-Ferraro current and the tail current (as the DL field
components) as the best representation of the magnetospheric response to the sudden impulse.
Through this analysis, they estimated the ground component of the DL field along both the H
and the D components. The residual DP fields are determined by subtracting the estimated DLn
and DLp fields from ground magnetic observations (e.g. see Figure 39 of Piersanti et al. 2017).
It is planned to carry out such an extensive analysis in the present study but this shall be part
of a future paper. However, in this connection, our results indicate specifically that due to the
presence of the DP2 type of polarization vortices over the high-latitudes, a rapid change in the
Hall currents might have propagated equatorward, which is observed as Gaussian-like features
in the D-component (Kikuchi et al. 2022 and references therein). Also notably, during the 2017
SSC event, larger amplitudes of the D-component perturbations over the low and mid-latitudes
are observed in comparison to the 2012 event. So, we surmise that this result also provides a
clue on how the amplitude of the SSC may relate to the amplitude of perturbations in the D-
component.

In context to the supersubstorm duration, the present study finds that the perturbations
in the D-components show different patterns compared to the H-component, with negligible
day-night effect (Figure 4.8). A north-south hemispheric asymmetry in D-component
variations is also observed along a latitude-specific pattern. In contrast to the H-component
perturbations, the mid-latitude stations do not show sudden jumps and reversals in phase during
supersubstorms. Notably, some similarities in the D and H component variations are also
observed with respect to the amplitude and phase over high-latitude stations. The low-latitude
stations exhibit irregular behavior without significant latitudinal or longitudinal effects.
However, the amplitude of the perturbation in the D-component from individual stations shows
a local time effect. Overall, the study highlights the complex and highly variable nature of
ionospheric currents and their response to supersubstorms. In this context, Piersanti et al.
(2020) have shown the direct impact of abrupt shifts in the direction of the IMF on the H and
D components of the geomagnetic field at different latitudes. Similarly, Adhikari et al. (2017)
have shown an explicit positive correlation of the FACs on the east-west (D) geomagnetic
component at high latitudes and also a strong negative correlation with the H component over
the auroral oval region. These works of literature find that the magnetic field fluctuations
during substorms and magnetic storms exhibit a multifractal behavior, which indicates that the

underlying physical processes are complex and nonlinear.
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Following the results and analyses from the present study it is found that the
relationship between the D-component and the H-component is complex and depends on many
factors, including the location and time of day. In general, variations in the D-component tend
to be more localized (due to ionospheric contribution) and smaller in magnitude than variations
in the H-component, which can be affected by large-scale disturbances in the magnetosphere.
During times of geomagnetic disturbances, especially during a supersubstorm, the D-
component and the H-component may both show significant variations, but the patterns of
variation may be different. Several cases are found in this study where the D-component shows
positive undulations while the H-component shows a drastic fall. Overall, the D-component
and the H-component are both important for understanding the behavior of the Earth's magnetic
field, and their variations can provide insight into the underlying physical processes that drive
geomagnetic activity. However, more and more case studies and relevant analyses are required
to better understand the dynamics of the Earth's magnetosphere-ionosphere system and
improve space weather forecasting.

We have also presented the variations in the dB/dt to depict the effect of the GICs and
their latitudinal variations. Many previous studies have reported failures of electrical
equipment at a given threshold value of the dB/dt (Kappenman, 2005; Gaunt and Coetzee,
2007; Kataoka and Ngwira, 2016). Even during the most intense storm of the solar cycle 24,
the St. Patrick's Day storm of 17 March 2015, wherein the SYM-H dropped to -222 nT, the
maximum dB/t varied between 350-700 nT/min over different latitudes (Kozyreva et al.,
2018). So, considering that the present study is concerned with moderate geomagnetic storms
which are associated with supersubstorm events, our results of the peak dB/t levels at ~900
nT/min over LYC (64.6°N, 18.8°E) station during the 2017 event and over CSY (-66.28°N,
110.53°E) station during the 2011 event are significant. Also, Dimmock et al. (2019) have
shown a large impact of the GIC in the Gas pipelines during the same event in September 2017.
Especially, a hemispheric asymmetry observed during the May 2011 event (Figure 4.9) in the
occurrence of the peak dB/dt over comparative poleward latitudes (around 70°-80° S) is
significant. Because of the local winter seasonal background with a large possibility of
disparity in the magnetotail location and auroral onset location of the supersubstorm, a large
impulsive response over a station could be possible. This fact is further strengthened by our
results (Figure 4.10) which show that the respective peaks of the dB/t recorded at different
latitudes do not occur simultaneously, and sometimes they differ by a day or more and
occasionally they occur much after the supersubstorm periods. While more investigations are
required, this could be a plausible explanation for the observed asymmetry observed in the
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present study. Therefore, the results of this study also bear importance towards the space
weather impacts, which are likely to be a significant factor in power stability and other

technological problems (Clilverd et al. 2018) during the supersubstorms.

4.4 Summary and conclusion

The solar cycle 24 has exhibited only four supersubstorms associated with three
geomagnetic events during May 2011, March 2012, and September 2017. Detailed analyses of
the geomagnetic responses of these events are performed using the H-component observations
from the global network of magnetometer stations. The H-component variations are classified
according to the observed latitude band-specific patterns in both hemispheres. A summary of
the salient features of the new findings from this study is given below.

1. Response of the sudden storm commencement during the 2012 and 2017 events is found
to produce three different types of latitudinal signatures (a) step-like preliminary
positive impulse (PPI) followed by main impulse (M) in the co-latitude band of 0°-45°
(b) a Gaussian-kind of PPI followed by Ml in the band of 45°-65° and, (c) a preliminary
reverse impulse (PRI) followed by MI between 65°-90°.

2. Asequential impact of the hydromagnetic longitudinal shock wave and the FACs (and
their manifestations as DP2 currents) associated with the SSC and the global
magnetospheric convection is observed as the above-mentioned three different types of
net responses in the H-component variations.

3. A strong north-south asymmetry in high latitude H-component variations is observed
during the supersubstorms, which is attributed to the seasonal dependence of the growth
and decay of ionospheric currents respectively in the summer and winter hemispheres.

4. A remarkable observation from the co-latitude band of ~55°-65° is found which shows
a complete reversal of phase (i.e. global positive peak) of the H-component when the
maximum depression from close-by latitude bands is observed along with peak
depression in the SYM-H, SML, and AE indices. This response implicates a complex
temporal composite of supersubstorm-associated magnetospheric processes, the
magnetosphere-ionosphere coupling, and the associated currents in the magnetosphere-
ionosphere system to produce a latitude-specific signature during each supersubstorm
event. Such a phase reversal in a particular latitude band during supersubstorms is

possibly being reported for the first time.

129



Chapter 4 SW-M-I coupling during Supersubstorms: Geomagnetic responses

5. The low latitudes are found to respond in two completely different longitudinally
dependent sets of signatures in the H-component depressions which align with local
noon and midnight. The first set (longitude sector of 78°-188°E) shows sharp and steep,
well-distinguished, simultaneous depressions, whereas, the second set (longitude sector
of 284°-354° E) shows multiple, gradual, local depressions which are not so well-
distinguished. Such drastic longitudinal differences (day versus night effect) during the
main phases (due to the effect of AHpp2) as well as during recovery phases (due to the
effect of the AHpynamo) depict a dominant local time-dependent control of the
perturbation electric fields over low latitudes.

6. Unlike the H-component, the variations in the D-component do not exhibit any specific
latitudinal pattern owing to a complex and non-linear signature of the underlying
ionospheric processes. Positive and negative Gaussian-like features in the D-
component at the time of sudden commencements may represent the propagation of the
ionospheric disturbances from mid-to-low latitudes.

7. A north-south asymmetry in the variations of the D-component during the
supersubstorm periods is noted, however, the amplitude of such perturbations is found
smaller than the ones observed in the H-component during the same intervals. The mid-
latitude reversal as well as the local time-specific pattern in the low latitudes is found
to be absent in the D-component variations during the supersubstorm periods.

8. The GIC threat represented by the dB/dt shows peaks during the supersubstorms with
the highest magnitude (~900 nT/min) observed in the latitude band of 60°-75° and
secondary peaks over the dip equatorial regions.

9. Remarkably, the peak occurrences of dB/dt are not simultaneous and are also
prominently found after the supersubstorm periods over the mid and high latitudes.
These results indicate the susceptibility of a global GIC threat beyond the

supersubstorm periods, which require further investigations.

Thus, in Chapters 3 and 4, we conducted thorough and robust analyses to examine the
significant effects of Supersubstorms during solar cycle 24 on the interrelated systems of solar
wind-magnetosphere-ionosphere and their large-scale coupling. In the next chapter, we will
focus on analyzing specific coupling processes at the kinetic scale. The work carried out in
this Chapter has been published as a research article by Hajra et al. (2023a) in Space

Weather Journal.
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CHAPTER 5

SW-M Coupling at the
Kinetic Electron Scales
During a Geomagnetic Storm

“An unseen electrical generator, more powerful than any man-made

generator, exists in space near Earth.”

-John G. Lyon
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5.1 Introduction:

The geomagnetic storms and substorms are the manifestation of solar wind-magnetosphere-
ionosphere coupling and energy transfer. The coupling processes such as magnetic
reconnection (Dungey, 1961; Yamada et al. 2010; Gonzalez and Parker, 2016), viscous
interaction (Axford and Hines 1961; Tsurutani and Gonzalez 1995); cross-field diffusion
(Tsurutani et al. 1981; Khotyaintsev et al., 2019) and the pressure fluctuation of the solar wind
(Song and Russel 1994) play a significant role during the storms. Magnetic reconnection is one
of the dominant mechanisms by which the interaction between the solar wind and the
magnetosphere of the Earth happens (Torbert et al. 2018). Though it begins with processes at
very small ion and electron Kinetic scales in a region characterized by X-line, it can influence
large scales processes (Fu et al. 2015a, 2015b; Hesse and Cassak, 2020). The dayside
reconnection happens at the magnetopause, whereas the nightside reconnection happens in the
magnetotail (Baumjohann and Treumann 2012; Petrukovich et al. 2014; Torbert et al. 2018).
For the nightside reconnection and transfer, the plasma sheet boundary layer (PSBL) which is
the region between the plasma sheet and the tail lobe, is considered to be an important region.
During these dayside and nightside coupling processes, a huge amount of mass, momentum,
and energy are transported to the magnetosphere-ionosphere system from the reconnection site
(Chen et al. 2008; Burch and Phan 2016; Fu et al. 2016, 2019). These generate a complex
interplay of currents and electric fields in different parts of the magnetosphere and ionosphere
which eventually generate large-scale magnetic field perturbations and change the dynamics
of the magnetosphere-ionosphere system (Amory-Mazaudier et al. 2017, Ganushkina et al.
2018; Hajra et al. 2023). The transfer of energy from the reconnection regions to the ionosphere
is supported by the field-aligned currents (FACs) (Cheng et al. 2016; Chen et al. 2019) and the
electric fields (Burch et al. 2016). This may also exhibit energetic particle precipitation and
Kinetic Alfven waves. Since, FACs play a significant role in the solar wind-magnetosphere-
ionosphere coupling processes (Milan et al., 2017; Carter et al. 2018 and references therein),
the understanding of the origin and the carriers of FAC and their relation with different
geomagnetic processes during storms and substorms is important. Also, to understand the
energy dynamics of the reconnection regions, it is important to estimate the power (rate of
change of energy) transfer. The power can be estimated by the multiplication of vector fields
representing current and total electric field contributions to the generalized Ohm’s law (Burch
et al 2016). Thus, the two most important and variable quantities, the FACs and the electric
fields must be estimated for understanding the kinetics of the coupling and its effects on the

other connected regions in the solar-wind-magnetosphere-ionosphere system.
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The accurate characterization of events and components of both ideal and non-ideal electric
fields during the flow of a significant amount of FACs requires precise measurements that can
only be obtained through the strategic deployment of multiple magnetospheric satellites. It is
significant to note that the Cluster and THEMIS have been providing these measurements at
larger scales (ranging between about 200-10000 km and second to a minute) (Angelopoulos et
al. 2008; Haaland et al. 2019; Escoubet et al. 2021), whereas, the MMS (magnetospheric multi-
scale) mission covers the electron diffusion region (EDR) in kinetic electron scale (< 10 km
and <0.01 sec) in both the magnetopause and magnetotail regions (Burch et al. 2016; Torbert
et al. 2018). These missions have provided a wealth of knowledge including discoveries in the
the domain of physics of space weather (Luhr et al. 2017). Specifically, during the first phase
of the MMS mission, it made several EDR crossings between March 2015 and December 2016.
Thus, the MMS measurements in this phase have facilitated many path-breaking investigations
on the reconnection processes (Torbert et al. 2016; Anderson et al. 2016; Burch and Phan 2016;
Hesse et al. 2016; Torbert et al. 2018; Webster et al., 2018). However, it is found that so far,
only a few studies have explored some of the phenomena like the dipolarization events (Fu et
al. 2019, 2021; Zhao et al. 2019; Yu et al. 2022) and reconnection processes using MMS
observations during geomagnetic storms (Reiff et al. 2016, Baker et al. 2016; Matsui et al.
2016; Le et al. 2016). We examined data sets from the above-mentioned satellite missions to
study different geomagnetic storms in the post-MMS era and thus identified a possibility of
having simultaneous measurements from the magnetopause, the magnetotail, and outside

regions.

One important task in reconnection studies is tracing the EDR crossings of the spacecrafts.
During magnetic reconnection in space plasma, the electrons can be significantly deviated from
the expected Larmor orbits, resulting in non-gyrotropic motion (Genestreti et al., 2018). This
motion can lead to the appearance of agyrotropy in the pressure tensor, which describes the
distribution of particles in plasma and their pressure on the surrounding environment (Scudder
et al., 2012, 2015; Che et al., 2018). Accurately quantifying the degree of agyrotropy in
pressure tensor is crucial for tracing the Electron Diffusion Region (EDR) during magnetic
reconnection. Various methods for measuring agyrotropy have been proposed, including
anisotropy and eigenvalue analysis of the pressure tensor. Previous studies in the literature have

Ade
2

1
proposed several measures like \/6 Dng, and AGs to detect probable EDRs (Scudder et al.,

1
2012, 2015; Aunai et al., 2013; Che et al., 2018). Especially, AGs traces the EDR and
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separatrices in both the Harris and force-free current sheets (Che et al., 2018).In our preliminary
analysis of a geomagnetic storm between 31 December 2015 and 1 January 2016, we found
that different spacecraft were so uniquely positioned that there could be crossings leading to
the study of probable reconnection regions in the magnetosphere. Hence, this study aims to
make a detailed and comparative analysis by using simultaneous observations from a unique
spacing of MMS, Cluster, and THEMIS spacecraft during the above geomagnetic storm. It is
found that particularly, during the main phase of this storm (lasting for about 12 hours), the
MMS and the Cluster spacecraft have crossed the magnetopause twice and once, respectively
(according to the T89 model). These spacecrafts have provided the needed measurements to
investigate the regions where probably magnetic reconnection happened. Also, the THEMIS-
A spacecraft remained in the magnetotail and the THEMIS-C remained in the lunar orbit
outside the magnetosphere during the main phase of the storm. This unique configuration of
spacecraft provided a rare opportunity to investigate the differences and similarities between
these two regions. A review of existing literature on the dynamics and energetics of the
reconnection in magnetopause and magnetotail regions is performed and the storm time
observations from the magnetopause and magnetotail regions covering both the small and large
spatio-temporal scales (Wang et al. 2020) are investigated. We have analyzed various plasma
and field parameters and used our findings to illustrate a comparative picture of the
magnetopause and magnetotail. Finally, we also examined the propagation of the storm through
various parts of the magnetosphere to provide a more comprehensive understanding of the
event. The primary objective of our study is to identify the primary carriers of the field-aligned
currents (FACSs), as well as the various ideal and non-ideal terms of the electric field in both
the magnetopause and magnetotail regions. Section 2 details the methods we employed to
calculate the currents and electric fields, as well as the in-situ instruments we used to estimate
the plasma (kinetic properties like velocity, temperature, and pressure), and the field (electric
and magnetic) characteristics. The results and the associated key findings of our study are
presented in section 3. We will then provide a brief discussion of these results and conclude in

sections 4 and 5. A summary of this study is provided at the end.

5.2 Observations and methods

Multi-satellite observations are utilized for a period from 31 December 2015 to 1 January
2016 with an emphasis on short-duration events of satellite crossings at magnetopause and
magnetotail during the main phase of the storm. Extensive efforts have been made in the

previous studies to obtain the 2-dimensional or 3-dimensional visualization of the
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magnetospheric structures in the plasma kinetic and field parameters from one or more
spacecraft (Dunlop et al., 2002; Dunlop et al.,, 2021). To achieve the aimed objective,
measurements from MMS, Cluster, and THEMIS missions are analyzed. Particularly, the
MMS mission provides unprecedented high-resolution observations at the kinetic electron and
ion scales. The following Table 5.1 gives satellite-parameter pairs from different satellites and
refers to a lead study that has described the method of estimation of the parameter from the

instrument onboard.

Table 5.1: instruments on-board satellites providing different plasma and field parameters

Satellite Electric field Magnetic field lon parameters | Electron parameters
MMS EDP (L- 2016) | FGM (T-2016) | FPI (P-2016) | FPI (P-2016)
Cluster EFW (E-2001) | FGM (E-2001) | CIS (Re-1997) | PEACE (Ri-1997)
THEMIS-A, C | EFI (B-2008) | FGM (A-2008) | ESA (M-2008) | ESA (M-2008)

Extensions of the acronyms used are [EDI: Electron drift instrument; EFW: Electric field and
waves; EFI: Electron field instrument; FGM: Fluxgate magnetometer; FPI. Fast plasma
investigation; CIS: Cluster ion spectrometry; PEACE: Plasma electron and current experiment;
ESA: Electrostatic analyzer] and [L-2016: Lindqvist et al. 2016; T-2016: Torbert et al. 2016;
P-2016: Pollock et al. 2016; E-2001:Escoubet et al 2001; Re-1997: Reme et al. 1997; Ri-1997:
Riedler et al. 1997; B-2008: Bonnell et al. 2008; A-2008: Auster et al. 2008; M-2008:
McFadden et al 2008].

The following subsections provide details of the different measurements and derivation

methods to estimate FACs and other field parameters.
5.2.1 Estimation of field-aligned currents

The FACs can be calculated using the Curlometer method (Dunlop et al., 2002) and the plasma
method (Cheng et al. 2016). Considering some limitations of the Curlometer method (Dunlop
et al., 2021), the FACs from the MMS and the Cluster observations (Fu et al., 2012) are
estimated from both methods. However, FACs from the THEMIS-C observations can only be
estimated by the plasma method due availability of measurement from a single spacecraft. It
shall be noted that both the MMS and the Cluster missions have an array of 4 satellites,
configured in a tetrahedron flying formation in their respective orbits. The Curlometer method
uses the geometry of the face of the tetrahedron to apply Ampere’s law and derives the current

density normal to the face (see Dunlop et al., 2021 and references therein). This technique has
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been widely used in many prior studies using both the Cluster and the MMS observations (Shi
et al. 2010; Phan et al. 2016; Cheng et al. 2016; Nakamura et al. 2018) to calculate the FACs.
To calculate the FACs, both the Curlometer (equation 12 of Chapter 2) and plasma methods
(equation 13 of Chapter 2) are used and compared. See details in Chapter 2.5.

Since the sample rate of different instruments on a spacecraft is different, one needs to
average data with higher rates to match the data with lower rates. For MMS, the sample rate of
the magnetic field measured by FGM is ~12.5 Hz and that of ion and electron parameters
measured by FPI in Fast survey mode is ~ 0.22 Hz (4.5-sec sample rate). The MMS data in the
burst mode for this event was not available. Also, the data sets from other spacecrafts are
available at different sample rates, even slower than the Fast data from the FPI of MMS.
Hence, the FACs estimated using the Curlometer method are averaged to have the same time
base as that obtained from the fast-mode plasma data from FPIl. However, for THEMIS, the
sample rates of the magnetic field obtained from FGM and electron parameters obtained from
ESA are the same i.e. ~0.346 Hz. For ion parameters obtained from ESA, the frequency is very
small i.e. ~0.01083 Hz. Hence for THEMIS, too, while calculating FAC, FGM, and ESA
(electron) parameters are averaged to have the same time base as that obtained from the fast
mode plasma data from ESA (ion). But, for Cluster, the sample rates of the field and plasma

(both ion and electron) parameters are the same (~0.235 Hz).
5.2.2 Estimation of electric field components and power

The estimation of ideal, non-ideal electric field components and power is performed
using equations 14-17 of Chapter 2.5.2.2. (See Chapter 2.5 for details).

5.2.3 Spacecraft orbits in geospace

The respective locations of the satellites are obtained from the space physics data
facility of NASA  (National Aviation and Space  Administration) at
‘https://sscweb.gsfc.nasa.gov/cgi-bin/Locator_graphics.cgi’ and given in Figure 5.1. Figure
5.1(a) illustrates the trajectory of MMS-1, Cluster-4, THEMIS-A, and THEMIS-C for a month
from 5 December 2015 to 5 January 2016. The period for the MMS-1, Cluster-4 and, THEMIS-
A to complete one revolution around the earth is found to be ~26 hours, 54.31 hours and, 31.2
hours, respectively. The time interval between 2300 UT on 31 December 2015 and 1300 UT
on 1 January 2016 is considered separately (termed as ‘storm-time’ in the figure) and
highlighted with different colors in the respective orbits. During the geomagnetic storm, the
MMS and Cluster satellites were on the sunward side and hence faced solar wind plasma
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pressure, whereas, THEMIS-A was on the anti-sunward side and THEMIS-C was on the axis

parallel to the dawn-dusk line.
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Figure 5.1. (a) Orbits of the MMS-1, Cluster-4, THEMIS-C, and THEMIS-A are shown for a
month from 5 December 2015 to 5 January 2016 as given in the legend. The arcs of the orbits
during the storm from 23:00 UT on 31 December 2015 to 13:00 UT on 1 January 2016 are
highlighted by thick lines. Earth (black sphere) is located at the center of the GSE reference
frame. The Sun is located towards positive abscissa as indicated by an arrow. The respective
magnetopause crossing of the MMS-1 is given in (b) and (c) and of the Cluster in (d). The
orbital locations of THEMIS-A in the magnetotail are given in (e). Two black parabolic curves
in panels (b-e) show the location of the bow shock and magnetopause which cross the

equatorial plane in an anti-sunward direction.

The crossings of the magnetopause (Figure 5.1 b-d) and magnetotail (Figure 5.1e) are
deduced by the NASA-SSC web data set, which uses the IGRF (International Geomagnetic
Reference Field) (Alken et al., 2021) and Tsyganenko-89C (Tsyganenko et al. 1989) models
for this purpose. The crossings are assumed to be in the vicinity of the probable reconnection
regions. Our analysis (in a later section) shows that these regions bear some inferential,
circumstantial characteristics of the reconnection sites. It is found that during the main phase
of the storm period, the magnetopause crossings of the MMS happened at 2321 UT on 31
December 2015 and at 0740 UT on 1 January 2016. The Cluster spacecraft met the dayside
magnetopause at 1152 UT on 1 January 2016. THEMIS-A crossed the PSBL in nightside
magnetotail during 1126 UT-1217 UT on 1 January 2016 and possibly the spacecraft has
encountered PSBL. The identification of the PSBL region can be done through plasma beta

value, which remains between 0.01 and 1 in PSBL (Chen et al. 2019 and reference therein;
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Baumjohann et al., 1988; Cheng et al., 2016; Walsh et al., 2011). Also, the PSBL typically has
a clear signature such as the sudden density drop or sudden change of magnetic fields, and can
be identified with circumstantial evidence. In a nutshell, during the storm time, the MMS and
the Cluster are found in the dayside magnetosphere; the THEMIS-A is found in the nightside
magnetotail, and THEMIS-C is found in the night side in the lunar orbit i.e. in the interplanetary

space.
5.3. Results

It is interesting to note that this paper possibly for the first time reports the
magnetospheric observations during the geomagnetic storm of 31 December 2015-1 January
2016. So, a quantitative analysis of the solar wind parameters, the plasma energetics at the
magnetopause and magnetotail, ideal and non-ideal electric fields, carriers of FACs, and other
parameters is performed. The variations of the different parameters in the inner magnetosphere,
magnetosheath, and plasma sheet are presented for some selective intervals during the storm.
Additionally, both the large and small (kinetic electron and ion scale MMS data) scale
observations are used whenever available from the respective satellites for a region of interest.
The following subsections provide the main results of this study divided into different crossings
of the satellites with magnetopause and magnetotail during the storm.

5.3.1 Solar wind conditions and geomagnetic perturbations

The observations of the solar wind from ACE (advanced composition explorer) located
at L1-point are provided through OMNIWeb at a cadence of 1 min (see Papitashvili &
King, 2020). This data set also provides geomagnetic indices like SYM-H (lyemori and Rao
1996), the PC (polar cap) indices (Troshichev, 2006), and the AE (auroral electrojet) index
(Nose et al. 2015). A sudden impulse is simultaneously observed in solar wind velocity,
temperature, ram pressure, and density at 0100 UT (vertical dashed line in Fig. 2). A short-
lived sudden rise in the z-component of the interplanetary magnetic field (IMF-Bz) is observed
at the same time. However, the IMF-Bz fluctuates between north and south during 0100-1040
UT, and the high-density (15 to 27 cm®), high temperature (1x10° to 4x10°K) plasma parcels
are observed to impinge at a velocity of about 430 to 460 km/s. As a result, a simultaneous rise
in the PCN index, AE, and the epsilon parameter (Hajra et al., 2022) is observed during ~0740-
1040 UT. The IMF-Bz then remains southward between ~1050-1410 UT with a simultaneous
dip in the SYM-H index termed as the first sub-main phase of the geomagnetic storm;

associated with a larger rise in AE, PCN index, and the epsilon parameter. The SYM-H index
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shows a shallow recovery during ~1410-1850 UT which is under the effect of the northward
excursions in the IMF-Bz in this interval. The second sub-main phase is found to begin at
~1900 UT (dip in the SYM-H index) associated with a sudden southward turning of IMF-Bz
on 31 December 2015. But, intriguingly the ram pressure, temperature, and density of the solar

wind plasma are found to decrease to very low levels during this interval.
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Figure 5.2. Panels (a), (b), (¢), (g), (h), (i), and (j) show variations in the solar wind plasma
parameters IMF-Bz, speed (V), temperature (T), electric field (E), magnetic field (B), plasma
density (p) and ram pressure (P). Panels (d), (e), and (f) show PCN, AE, and SYM-H indices
respectively on 31 December 2015 and 1 January 2016. Panel (k) depicts plasma beta () and

panel (1) gives the epsilon parameter (¢).

The SYM-H index drops to the minimum value of ~113 nT at about ~0118 UT on 1
January 2016 and begins to gradually recover thereafter. However, the IMF-Bz remains
southward till 2000 UT on 1 January 2016, albeit, a short duration northward excursion is seen
between 06-07 UT, which is also reflected as a faster rise in the SYM-H index. The AE and
PCN indices show larger and intermittent peaks between ~1900 UT on 31 December 2015 and
0600 UT on 1 January 2016. The two sub-phases of the main phase of the storm are well
reflected in the variations of the epsilon parameter (coupling parameter). We find a sudden
large increase in the epsilon parameter from ~1800 UT indicating a huge entry of solar energy

inside the earth’s magnetosphere, which sustained up to ~1100 UT on 1 January 2016. The
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coupling strengthened in the above-mentioned interval because the IMF-Bz is found to remain
southward for ~15 hours till ~1005 UT on 1 January 2016. The long-lasting southward IMF-
Bz (even when the SYM-H index shows a recovery) is not very common to observe and has
sources either in the magnetic cloud associated with the coronal mass ejection or the Alfven
waves (Zhang and Moldwin 2014).

The plasma beta value is found to vary at low levels (less than ~3) throughout the storm,

indicating the dominance of plasma pressure (Ppasma = nkgT) over magnetic pressure

(Pmag = ;), except for a few spikes. The epsilon parameter representing the probable energy

input in the magnetosphere per unit of time raises to 5x10° watts during the main phase of the
storm. So, the storm is found to be an intense storm with two sub-main phases, a stable long-
duration southward IMF-Bz during both the main and recovery phases, and a relatively long

recovery phase unlinked with IMF-Bz.
5.3.2 MMS-magnetopause encounter at 2310-2330 UT on 31 December 2015

The MMS is found to be located in the dayside magnetosheath during the first few hours
of 31 December 2015 according to the Tsyganenko-89C and IGRF models. The MMS
spacecraft then arrived at the magnetosphere after crossing the magnetopause, before the storm
at ~0801 UT, and then completed a revolution passing subsequently through the dayside
plasmasphere, nightside plasmasphere, dayside plasmasphere, dayside magnetosphere, and
dayside magnetosheath on 31 December. The observed features from the MMS show some
distinctive recognizable patterns during a few events in most of the plasma and field properties
and also in the energy spectrograms. Two such events are selected considering a 20-minute
interval of the MMS flight each. During the main phase of the storm, the MMS moved from
the magnetosphere to the magnetosheath at 2318 UT and a possible MMS-magnetopause
encounter is estimated at ~2321 UT on 31 December 2015 as referred from the above-
mentioned data set and models.

To validate this, and to trace whether MMS has encountered a reconnection EDR,
different measures of agyrotropy are estimated. The burst data set from FGM, EDP, and FPI
of MMS are used to construct the pressure tensor. Then, different measures of agyrotropy of
pressure tensor are estimated to deduce the agyrotropy in the motion of the electrons during

the magnetopause crossing.
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Parameters dervied from the MMS1

(a)

31 December 2015 (UT)

Figure 5.3: Variations of different parameters derived using observations from the MMS1

spacecraft during 23:14:45-23:18:55 on 31 December 2015. Panels show (a) Dng,
1

(b) \/6 (c) AGs and (d) % from top to bottom, respectively. Similar variations are noted in

the case of MMS-2, 3, and 4, but are not shown here for brevity.

Figure 5.3 shows a sudden surge in all of the four parameters- Dng, 1/Q, AGS ,and A%e at
around 23:17:15 UT, which continues for ~49 seconds to revert to their previous values at
23:18:04 UT. The deviation of Dng from the normal value (Figure 5.3a) implies aberration from
the local, energetically equivalent, gyrotropic distribution. This eventually indicates the non-
gyrotropy associated with the 3-D distribution, pointing to a possible encounter of MMS with
an EDR (Aunai et al., 2013). In addition, the value of \/6 (Figure 5.3b) becomes ~ 0.1 several
times, which indicates the presence of electron agyrotropies in that region (Genestreti et al.,

2018). The variations of \/6 between 23:17:15 UT and 23:18:04 UT directly imply that MMS

A

%e \which

1
spacecrafts probably encountered a reconnection EDR (Swisdak, 2016). AG3 and .

are constructed from the field-aligned transformation of the electron pressure tensor (Che et
al., 2018), abruptly diverge from their typical value indicating MMS possibly come across an

EDR. Based on the variations observed in all four parameters, it can be inferred that MMS
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probably encountered a reconnection event with an outflow jet between 23:17:15- 23:18:04 on
31 December 2015.

A sudden spike in all of the kinetic parameters of the plasma is observed at 2318 UT
(see Figure 5.4) lasting for about 3 minutes before the estimated MMS-magnetopause crossing
at ~2321 UT. Since the observations from the four MMS satellites (probes) are found to be
almost similar, we use the observations from the MMS-1. Figure 5.4 shows an obvious double-
toothed rise in the ambient magnetic and electric fields, the velocity of electron and ion jets,
and the parallel and perpendicular temperatures as observed during 2317-2318 UT. All three
components of the magnetic field (Bx, By, and B;) experience positive spikes with considerable
magnitude during the encounter (Figure 5.4a). However, the y-component of the ambient
electric field (Ey) shows a relatively larger excursion demonstrating the arrival of the solar wind
plasma in the magnetosphere. The other two components, the Ex and E; show negative
perturbations.

A significant earthward flow of both the ions and electrons is observed during this
interval depicted by the x-component of the respective velocities (red curves in 4c and 4d). A
significant peak in both the parallel and perpendicular components of the ion and electron
temperatures is observed (Figures 5.4e and 5.4f), respectively. Despite traversing through a
possible reconnection region, all the values of temperatures are of low magnitude which is very
intriguing. Interestingly, a gradual decrease in the ion and electron density is observed during
the encounter (Figure 5.4g), whereas, the plasma beta value shows a typical positive spike
during this encounter (Figure 5.4h). The plasma beta value ranges from 0.01-0.06, which
indicates magnetic pressure is about two orders more than the plasma pressure inside the
region. The very low plasma beta value indicates that the magnetic field is much stronger than
the thermal pressure of the plasma. This also suggests that the magnetic field is the primary
factor influencing the movement and behaviour of the plasma in this area. This very low value
of plasma beta also indicates that MMS1 might have encountered a magnetic reconnection
region. This is because magnetic reconnection involves the conversion of magnetic energy into
kinetic energy of the plasma, and for this to occur efficiently, the magnetic field must be strong
compared to the thermal pressure of the plasma. The right panels of Figure 5.4 demonstrate the
energy-flux spectrogram of the electrons and ions during this 20-minute interval. The energy
flux spectrogram presented here is a two-dimensional plot that shows the energy of charged
particles on the y-axis and time on the x-axis. The colour of each pixel represents the flux of
particles with a certain energy during a specific time interval. To get a detailed picture of the
energy distribution of charged particles in the plasma, the energy flux spectrogram is plotted.
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In the context of the energy flux spectrograms presented here, the term "flux" refers to the
number of particles passing through a unit area per unit time. The flux of charged particles can
be measured at different energies, and the energy flux spectrogram eventually provides a plot

of the flux of particles as a function of their energy and time.

MMS1: 2310-2330 UT, 31 December 2015
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Figure 5.4. Variations in the different ambient measurements from the MMS-1 spacecraft are
given for a 20-minute duration between 2310-2330 UT on 31 December 2015. Left panels a-d
show the variations in the ambient magnetic field (B), electric field (E), the bulk velocity of
ions (Vi), and bulk velocity of electrons (V) with the X, y, and z components in red, blue and
green, respectively. Panels e-f show the parallel (brown curve) and perpendicular (sky blue
curve) components of the ion and electron temperatures (T; and Te), respectively. Panel g shows
the ion (magenta) and electron (black) density of the plasma (N) and panel h shows plasma
beta (B). Right panels give the energy-time spectrogram of different components. Panels i-m
show the spectrograms for ions (Ei) (omnidirectional), electrons (Ee) (omnidirectional), parallel
electrons (Ep), anti-parallel electrons (Ez), and net energy flux (dErLux), respectively. Panels
n-p show the pitch angle distribution of the energy flux for the low-energy electrons (P.), mid-

energy electrons (Pwm), and high-energy electrons (PH), respectively.

The omnidirectional energy spectrums (Figures 5.4i and 5.4j) show that the flux (eV

cm? st srt evl) of the ions and electrons respectively remains in the order of 108 and 108.
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Hence, it can be inferred that the electron population is more abundant than the ion population.
Eventually, electrons are the main carriers of the current during this period, which corroborates
the findings of Cheng et al. (2016) and Chen et al. (2019). The energy flux of the electrons for
the parallel (Ep) and antiparallel (Ez) and the difference (dErLux=Ep-Ea) are respectively given
in Figures 5.4k-5.4m. The difference between the two fluxes yields a net flux along the field
line (Nakamura et al., 2016; Varsani et al., 2017) and in this context, the dErux is found to be
mostly negative during the interval of ~2317-2318 UT; which demonstrates that the antiparallel
electrons carry most of the current during this ~1-minute interval. The pitch angle distributions
of the electrons with low (0-0.2 keV), mid (0.2-2 keV), and high (2-30 keV) energies at pitch-
angle bins of 6 degrees are given in Figures 5.4n- 5.4p. The magnitude of current carried by
the low-energy electrons is mostly found to remain lower at pitch angles between ~40°-130°,
which decrease further during the ~2315-2318 UT and after ~2325 UT. However, a reverse
response is observed for the current carried by the mid and high-energy electrons, which show
a very sharp peak during ~2317-2318 UT at almost all pitch angles. Comparing the absolute
values of the energy flux among the three types of electron populations, it is obvious that the
low-energy electrons (most possibly the thermal electrons) still dominate the constitution of
total current during this event, while they show a decrement noted above.

It shall also be noted, however, that the energy flux enhancement associated with the
mid and high-energy electrons corresponds to a decrement in the low-energy electrons. So, the
former contributes considerably to the electron population only during the event corresponding
to MMS-magnetopause encounter with a transfer of energy from low to high values. In a
nutshell, it can be inferred from our analysis that the mid-to-high energy electron populations
form a significant earthward flow anti-parallel to the magnetic field and become major carriers
of currents during this small period (~few seconds up to one minute).

The inferential and circumstantial signatures detailed above suggest a high probability
of crossing a reconnection EDR by the MMS. Especially, the MMS observations during ~2315-
2318 UT exhibit certainty of a reconnection event with an outflow jet. The components of the
electric field contributing to the generalized Ohm’s law are shown in Figure 5.5 (a-€). The
components of the electric field terms exhibit similar double-toothed excursions for about a
minute during 2317-2318 UT in Ey and Ea as observed in the ambient electric field E in Figure
5.4. On the contrary, the Ey and Ep exhibit positive excursions in the X and Z directions and
negative excursions in the Y direction. However, eventually, the resultant electric field (Ex)

shows negative excursion in X and Z components and positive excursion in Y-component
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which is possibly due to the dominant contribution from ambient electric field E and the Hall

term, En. In almost all cases, multiple saw-toothed spikes in the curves are observed.

MMS: 2310-2330 UT, 31 December 2015
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Figure 5.5. Variations in the estimated electric field and current components from the MMS-1
spacecraft are given for a 20-minute duration between 2310-2330 UT on 31 December 2015.
Panels (a), (b), (c), (d), and (e) give variations of the second term of the ideal (Ev), Hall (En),
inertial (Ea), pressure gradient (Ep) and total electric field (E:), respectively. The X, Y, and Z
components are shown respectively by red, blue, and green curves. Panel (f) shows components
of total current, and panels (g) and (h) provide variations in the FAC estimated by the
Curlometer method, and by the plasma method, respectively. Panel (i) gives variations in the
FAC carried by electrons (black) and ions (magenta) from the Curlometer method and panel
() provides power (W), representing the amount of electromagnetic energy density converted

into plasma energy density.

Among the non-ideal terms of the electric field, the Hall electric field (En, Figure 5.5b)
exhibits significant enhancement with higher amplitude compared to the low amplitude
increase in the inertial (Ea, Figure 5.5c) and pressure divergence (Ep, Figure 5.5d) terms. It is
to be noted that the Hall electric field is known to exhibit a substantial magnitude at the ion
inertial scale, not solely within the confines of the reconnection diffusion region. Even at ion-
scale structures like the depolarization front, the Hall electric field has been observed to be

remarkably high (Fu et al. 2012). However, the variations of different parameters presented in
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Figure 5.3 indicate that MMS possibly encounters a reconnection event and not a dipolarization
front. We have also determined the uncertainties in the non-ideal terms that may arise due to
photoelectron emissions and large Debye radius in the magnetosphere. However, the
uncertainties associated with the Hall, inertial, and Pressure divergence terms are found to be
minimal and comparable in this case.

Figure 5.5f shows a positive current toward the X and Y-directions and a negative
current toward the Z-direction. Multiple peaks showing the presence of multiple layers (or
filaments if we consider 3-D) of FACs are observed (Figure 5.5g and Figure 5.5h) during 2317-
2318 UT (Phan et al., 2016; Chen et al. 2019). Specifically, three current layers (or filaments
if we consider 3-D) in the same direction followed by a current layer in the reverse direction
are noted. The FACs obtained by the Curlometer method (panel g) and plasma (or local)
method (panel h) agree well with each other, which suggests that the current densities estimated
are reliable and precise. Panel (i) shows that both the electrons and ions contribute significantly
to the total FAC but in opposite magnitude. Panel (j) demonstrates a significant and sharp rise
of the power that delineates a significant volume of electromagnetic energy converted into
kinetic energy of plasma during the time. The sudden enhancements of all the parameters
exemplify that MMS probably crossed or approached a magnetic reconnection region during

the period under observation.
5.3.3 MMS-magnetopause encounter at 0735- 0755 UT on 1 January 2016

After the above encounter with the magnetopause, the MMS is found to remain in the
dayside magnetosheath region for about 10 hours according to the T89 model estimates by
NASA-SSC table as referred to in Section 2. In this interval, the MMS is found to again cross
the magnetopause at 0741 UT on 1 January 2016. Then it travels through the dayside
magnetosphere, nightside plasmasphere, dayside plasmasphere, dayside magnetosphere, and
then dayside magnetosheath consecutively on 1 January 2016. Thus, the 20-minute interval
between 0735-0755 UT on 1 January 2016 is analyzed as the second encounter case in this
paper. It was possible that during this interval, the spacecraft stayed in the boundary layer for
some time, and the magnetopause could have moved back and forth to some degree. Estimation
of different measures of agyrotropy (similar to what is presented in Figure 5.3) to trace a
possible encounter of reconnection EDR was not possible in this case because ‘brst” data from
the FGM, EDP, and FPI of the MMS were not available during the stipulated time. Hence, for

this case, we try to draw some inferential and circumstantial observations and associated pieces
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of evidence to trace whether the spacecraft has passed through a possible reconnection region.
However, it is important to note that these observational pieces of evidence may not be
sufficient to provide convincing proof that the spacecraft has traversed through a reconnection
region.

The recovery phase of this storm initiated at ~ 0113 UT, however, similar perturbations
in the kinetic parameters of plasma and the field parameters are observed after ~0745 UT
during this crossing. However, the magnitude of the ambient electric field remains lower (~5
mV/m of the Y-component) in comparison to (~20 mV/m) at the first encounter. Conversely,
a drastic rise in the Z-component of the electron velocity up to ~1500 km/s in comparison to
~200 km/s during the first encounter and drastic enhancement of the electron and ion
temperature up to ~5000 eV in comparison to only ~600 eV during the first crossing, are

observed.

MMS: 0735-0755 UT, 01 January 2016
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Figure 5.6. Same as Figure 5.4, but for the 20-minute duration between 0735-0755 UT on 1
January 2016, referred to here as the second encounter.

Interestingly, plasma density during the encounter is found to be low at ~0.5 cm?,
which is one order smaller than that during the first encounter (~8 cm™). The Plasma Beta value
is higher (~0.4) compared to the first encounter (0.06). Thus, though plasma density decreases,
a dominance of plasma pressure over magnetic pressure is seen with the evolution of the storm
in a very intriguing way. From the energy-time spectrograms of ion (Figures 5.6i) and electron

(Figures 5.6j), the ion and electron flux are respectively found to be of the order of 10° and 10'.
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The difference flux (dEriux) shows enhancement corresponding to about 10° eV during
0748-0755 UT (Figure 5.6m), which indicates the dominance of the parallel electron current,
but a decrement at smaller values of dEriux shows the contribution of anti-parallel electrons, as
well. The associated pitch angle distribution shows mild enhancement in the flux at higher and
lower angles in the low and mid-energy electron populations (Figure 5.6 n-p).

In contrast to the previous case (section 3.2), the high-energy electron population shows
a dual-band structure corresponding to pitch angles of 20°-70° and 100°-130°. Thus, the high-
energy electrons are found to be the main carriers of the FACs before the encounter but low
and mid-energy electrons dominate during the encounter.

MMS: 0735-0755 UT, 01 January 2016
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Figure 5.7. Same as figure 5.5 but for the 20-minute duration between 0735-0755 UT on 1

January 2016, referred to here as the second encounter.

Hence, in comparison to the first encounter (in the main phase), it is found that the flux
of ions and electrons is almost one order less during the second encounter (in the recovery
phase). In addition, before the encounters, low-energy electrons constituted most of the electron
population during the first case (section 3.2) in comparison to the high-energy electrons during
the second case (section 3.3). It is observed that although the magnitude of the inertial electric

field remains moderate (1-2 mV/m), the large Hall electric field (1-20 mV/m) and electron
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pressure gradient electric field (1-20 mV/m) provide the main contribution to the generalized
Ohm's law at the neutral sheet during this event (in the recovery phase).

Hence a large dominance of electric field generated from electron-parameter variations
is observed. This is a direct indication of the dominance of electron physics in a probable
electron diffusion region. It is commonly understood that electron physics becomes the
predominant factor after ions decouple from the magnetic field inside these kinds of specific
current sheet regions (Macek et al. 2019a). Also, unlike in the previous case (section 3.2),
similarity in variations in different terms of the ideal and non-ideal electric field is not observed.
However, though the uncertainties associated with the Hall, inertial and Pressure divergence
terms are found to be minimal and comparable (Figure 5.7b-d). In addition, unlike in the
previous case (section 3.2), only electrons are found to be the main carriers of the currents
(Figure 5.71).

Multiple current layers (or current filaments if we consider 3-D) with different
directions of FACs are found to flow during and after the crossing. Alike the previous case,
FACs estimated from the Curlometer method and plasma (or local) method agree well which
corroborates the authenticity of the respective calculations. Intriguingly, the power dissipated
often attains a negative value, which indicates the magnetic energy, which is converted into

Kinetic energy during the encounter, is absorbed by the system rather than being released.
5.3.4 Cluster-magnetopause encounter at 1145- 1205 UT on 1 January 2016

The Cluster constellation is found to move from the dayside magnetosheath and enter
the dayside magnetosphere at ~1149 UT on 1 January 2016 (Figure 5.1). The constellation is
found to cross the magnetopause at ~1152 UT and enter the dayside magnetosphere thereafter
until it moves to the nightside magnetosphere at 1931 UT on the same day. We have considered
a 20-minute interval between 1145-1205 UT on 1 January 2016 considering the magnetopause

crossing of the Cluster during the recovery phase of the storm.

Figure 5.8 shows the observations during this interval from the Cluster-4 spacecraft.
The velocities (Figures 5.8a and 5.8b) and temperatures (Figures 5.8c and 5.8d) of both the
ions (Vi, Ti) and electrons (Ve, Te) show low-magnitude variations. The magnitude of the z-
component of velocity is found higher than the other two components and the y-component

shows a spike-like enhancement at ~1152UT.
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Cluster: 1145-1205 UT, 01 January 2016
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Figure 5.8. Variations in the different measurements and estimations from the Cluster-4
spacecraft are given for the 20-minute duration between 1145-1205 UT on 1 January 2016.
Panels a and b exhibit variations in the bulk velocity of ions (Vi) and bulk velocity of electrons
(Ve) with the x, y, and z components in red, blue, and green, respectively. Panels c and d show
the parallel (brown curve) and perpendicular (sky blue curve) components of the ion and
electron temperatures (Ti and Te), respectively. Panel e shows the ion (magenta) and electron
(black) density of the plasma (N). Panels (f)-(j) give variations of the ambient magnetic field
(B), first (E) and second term (Ev) of the ideal electric field, Hall electric field (En), and total
electric field (Ey), respectively with the x, y, and z components. Panel (k) shows components
of the total current flowing in the region; panels | and m give variations in the total FAC
estimated by the plasma method and FAC carried by electrons (black) and ions (magenta)

respectively. Panel (n) provides power (W) and panel h shows plasma beta (J3).

A gradual decrement in ion temperatures is observed during ~1152-1156 UT but the
electron temperatures show successive increments and decrements. A significant difference in
the electron (higher) and ion (lower) density (Figure 5.8e) is found during the 20 minutes, but
a small rise in ion density is seen at ~1155 UT, which is after the crossing. At 1152 UT (during
the Cluster-magnetopause encounter), a negligible kink in all the components of the magnetic
field (Figure 5.8f) and the ambient electric field (Figure 5.89) are observed. The contribution
of the Hall electric field (Figure 5.8i) to the total electric field is found relatively higher. A
single layer (filament if we consider 3-D) sheet of FAC (Figure 5.8l) is observed as an upsurge

at ~1151 UT which is only seen in the electron current density parallel to the magnetic field
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(Figure 5.8m). Plasma beta value (Figure 5.80) is found to bear a similar variation as seen in
the electron temperature. Overall, we do not observe a significant sudden change either in the
magnitude or in the direction of the magnetic and electric fields, current density, or the velocity
components during ~1145-1205 UT. Though a single layer (filament) FAC is observed during
the crossing, the variations in other parameters do not affirm that the spacecraft encountered a
reconnection region inside an EDR (or IDR) or a reconnection event. Interestingly, the episodic
variations in the ion and electron temperature are found to reflect in the total electric field,

power, and plasma beta variations.
5.3.5 THEMIS-A approach of the magnetotail at 1110 - 1130 UT on 1 January 2016

THEMIS-A is found to move in the region of the nightside magnetosphere from the
early hours of 31 December 2015. Then, it crosses the plasma-sheath at 0147 UT, stays therein
for 14 hours, and again enters the nightside magnetosphere. Then again, it traverses through
the regions of the nightside plasmasphere, dayside plasmasphere, nightside plasmasphere, and
nightside magnetosphere in succession to enter the plasma-sheath region, eventually. During
the revolution in its orbit, the largest distance it passes away from the magnetopause is ~14.96
Reduring 1125 UT-1217 UT. The spacecraft is then found to move in the plasma-sheath during
the interval of 0148 UT-1542 UT.

THEMIS-A: 1110-1130 UT, 01 January 2016
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Figure 5.9. Same as figure 5.8 but for THEMIS-A spacecraft and the 20-minute duration
between 1110-1130 UT on 1 January 2016.
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After that, it traverses through the nightside magnetosphere, nightside plasmasphere,
dayside plasmasphere, nightside plasmasphere, and nightside magnetosphere until the end of 1
January 2016. We consider 20 minutes during 1110 UT-1130 UT during which THEMIS-A
was in the magnetotail during the recovery phase of the storm. During this period, the value of
plasma [ of the region was ~0.2-0.4, which indicates the spacecraft might have encountered a
PSBL. In many of the previous literature, which discussed magnetic reconnection in PSBL, the
PSBL region has been identified by the condition 0.01 < <1 (Ueno et al., 2002; Cheng et al.,
2016). Whereas, the presence of the spacecraft in the lobe region is given by the condition B <
0.01, and in the plasmasheet is given by the condition 1 > 1 (Ueno et al., 2002). On the contrary,
the variations of Bx and Bz (Figure 5.9f) indicate that the spacecraft may not encounter the
PSBL during this period. The value of Bx suddenly drops to ~0 nT, which indicates that the
spacecraft was around the magnetotail current sheet center. The continuous decrease of plasma
beta may be because of a current sheet disturbance. In addition, the sharp increase of Bz

indicates a signature of a probable dipolarization front (Fu et al., 2012).

A sudden enhancement is observed at ~1119 UT in most of the plasma and field
parameters, which is found to sustain for ~1 minute. A very sharp rise in electron velocity
(figure 5.9b) up to ~2600 km/s at 1119 UT is seen which is found to be in contrast with the
variations (at about one order less) in ion velocity (figure 5.9a). However, very high ion (figure
5.9¢) and electron (figure 5.9d) temperatures are observed throughout the 20-minute interval.
Electron density (black curve in figure 5.9¢) exhibits a sharp rise at 1119 UT, against a flat
variation in ion density (magenta curve in figure 5.9e). However, the ion density shows an
average pattern due to a lesser sample rate, so the difference between ion and electron density
variations shall not be surprising. Both the ambient magnetic field (figure 5.8f) and electric
field (figure 5.99) show a spike at 1119 UT. Among the electric field terms, the Hall electric
field (figure 5.91) is found to contribute the most to the total electric field in the magnetotail.
However, the peak in Hall electric field is found to be at ~1922 UT, 3 minutes later than the
sudden surge in all the parameters of both the magnetic and electric field. A single-layer FAC
(figure 5.91) is observed at 1119 UT followed by several smaller peaks for about 4 minutes.
FAC density is contributed mostly by the electrons (figure 5.9m). The plasma energy (W,
Figure 5.9n) also shows a spike at ~1119 UT but is found to be about one order lesser in
magnitude than that during the previous three cases. The plasma beta (figure 5.90) value
remained in the range of ~0.2-0.4, which indicates plasma pressure was mostly 20-40% of the

magnetic pressure. Intriguingly, a large depression in plasma beta is found at 1119 UT
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indicating a significant fall in plasma pressure and enhancement of magnetic pressure.
However, many of these signatures mentioned above indicate a possible encounter with a

reconnection event in the PSBL.

5.3.6 Simultaneous observations from the MMS-1, Cluster-4, THEMIS-C, and THEMIS-
A (2300 UT on 31 December 2015 - 0700 UT on 1 January 2016)
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Figure 5.10. The columnar panels show the variations in the different ambient measurements,
respectively from the THEMIS-C, MMS-1, Cluster-4, and THEMIS-A spacecraft for the 8-
hour duration between 2300 UT on 31 December 2015 and 0700 UT on 1 January 2016. Top
panels (a, g, m, and s) show variations in ion (magenta) and electron (black) density (N). The
panels in the second (b, h, n, and t), third (c, i, 0, and u), and fourth (d, j, p, and v) rows from
the top show magnetic field (B), ion velocity (Vi) and electron velocity (Ve) respectively with
the X, y, and z components in red, blue and green. The fifth (e, k, g, and w) and sixth (f, I, r,
and x) rows represent ion temperature (Ti) and electron temperature (Te) with parallel (brown)
and perpendicular (sky blue) components. The specific regions in the geospace traversed by
respective satellites are marked on top of the columns, where, M(D/N) denotes magnetosphere
(day/night).

As noted in section 2 above, it is difficult to find simultaneous availability of

observations from different spacecraft but we found a time window, which represents
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simultaneous observations from different parts of the magnetosphere and the interplanetary
medium. This interval corresponds to 8 hours of the main and the recovery phase of the storm
between 2300 UT on 31 December 2015 and 0700 UT and 1 January 2016. The THEMIS-C is
found in the lunar orbit in the interplanetary media, MMS-1 in the dayside magnetosphere
(mostly in the sun-earth plane), Cluster-4 in the dayside magnetosphere (out of the sun-earth

plane), and THEMIS-A in the earth’s magnetotail during this interval.

Remarkably, the variations in the plasma densities measured by all four spacecrafts
show simultaneous rise and fall, wherein, the densities from the MMS-1 and Cluster-4 are
found at an almost similar magnitude and higher level than the rest two (Figure 5.10a, g, m,
and s). The lowest densities are observed (almost one order less) in the magnetotail by
THEMIS-A with a higher density of the electrons than that of ions compared to similar
densities of both in the other regions in the magnetosheath and interplanetary media. The
magnetic field profiles (figure 5.10b, h, n, and t) show noticeable dissimilarities in terms of the
spatial variations while traveling from the interplanetary media to different regions of the
magnetosphere. In this context, it shall be noted that the magnetic field topology (3-D
magnetospheric configuration at large) could have remained constant over many hours during
00-08 UT (see Figure 5.2), but the magnetic field intensity varied at different locations
differently. An enhancement in the magnitude of the magnetic field in the magnetotail indicates
the dominance of magnetic properties over the kinetic properties of the plasma in this region.
A drastic increase in the velocity of the ions and electrons (third and fourth rows of Figure
5.10) is noticed in the magnetotail (THEMIS-A) with a major difference among different
regions. However, the variations in the electron and ion velocities are found to match across
the individual spacecrafts in the respective regions as observed by the THEMIS-C and MMS-
1. Remarkably, very high electron and ion temperatures (both parallel and perpendicular) in
the magnetotail are observed compared to the other regions. The temperature is linked with the
energetics of the plasma, so, it can be speculated that the energy per particle is higher in the
magnetotail than in the dayside regions (Torbert et al. 2018).

The variations in the energy flux, electric field, current density, and power during the
8-hour interval are given in Figure 5.11. The observations from the Cluster spacecraft are not
shown in this figure due to the non-availability of the electron properties. The first and second

rows from the top of Figure 5.11 show the ion and electron energy-time spectrograms.
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Figure 5.11. Rows from the top show the variations in the energy flux (top two rows), electric
field terms (the third to sixth row from the top), current density, and power estimated,
respectively. The columnar panels respectively show observations from THEMIS-C, MMS-1,
and THEMIS-A spacecraft for the 8-hour duration. The rest of the annotations and symbols are

the same as given in Figure -5.4, Figure 5.5, and Figure 5.10.

The ionic flux in the magnetotail observed by THEMIS-A is found to be significantly
lower (in the order of 10°) than from THEMIS-C and MMS-1 (in the order of 107). The
estimated total electric field (sixth row from top) represents the sum of the classical (third row
from top), reference frame (fourth row from top), and Hall (fifth row from top) terms of the
electric field. The amplitude of the total electric field (sixth row from top) is more in the
magnetotail observed by THEMIS-A (third columnar panel).

In this region, while the ideal electric field terms (E and Ey) are almost comparable
(Figures 5.11s and 5.11t), the Hall term (Figure 5.11u) is found to dominantly contribute to the
total electric field, unlike in other regions. The observations at ~0150 UT on 1 January 2016
from THEMIS-A show sudden distinct spikes in the ideal, Hall, and total electric field, current
density, and power. The orbit of THEMIS-A shows a changeover from the region of the
nightside magnetosphere to the plasma sheet at this time and resembles the variations. Also,
notably, the recovery phase began at ~0113 UT, but the IMF-Bz was still stably southward in

the above period. However, the magnitude of the current density from THEMIS-C (in the lunar

155



Chapter 5 Kinetic scale SW-M coupling during a storm

orbit in interplanetary space) is found to be the highest of all (second row from the bottom). In
addition to this, the power is also found higher in the lunar orbit compared to that in the
magnetosphere (bottom row). Interestingly, another observation of a sudden spike in different
parameters at ~2317 UT from the MMS-1 is observed, which also is found to be associated

with orbit crossing from the dayside magnetosphere to the dayside magnetosheath.

THEMIS-C, THEMIS-A and MMS-1(2300 UT, 31 December 2015 - 0700 UT, 1 January 2016)
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Figure 5.12. Same as figure 5.10 but for the maximum (green) and average (violet) values of
observations from the THEMIS-C, MMS-1, and THEMIS-A spacecraft. The variations in
maximum and average values of net magnetic field (B), ambient electric field (E), ion
temperature (Ti), electron temperature (Te) (in the left column); ion density (Ni), electron
density (Ne), ion velocity (Vi), electron velocity (Ve) (in the middle column); and current
density (J), current density by plasma method (Jp), plasma beta (B), and power (W) (in the right

column), respectively.

A more comprehensive comparison of the observations from the three spacecraft
(THEMIS-C, MMS-1, and THEMIS-A) during the 8-hour interval is illustrated in Figure 5.12.
The maximum and average values of the magnetic field (Figure 5.12a) are found higher in the
magnetotail (THEMIS-A) followed by that in the magnetopause in the sun-earth line (MMS-
1) and that in the interplanetary media (THEMIS-C), respectively. The average value of the
electric field (Figure 5.12b) is found higher in the magnetotail (THEMIS-A), than in the
interplanetary media (THEMIS-C) and magnetopause (MMS-1). The magnetotail also hosts
the highest magnitude of the electron and ion temperatures (Figures 5.11c and 5.11d). On the
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contrary, both the ion and electron density show a peak in the magnetopause (MMS-1),
followed by the interplanetary media (THEMIS-C) and the magnetotail (THEMIS-A) in the
maximum as well as average values. The average values of both the ion velocity (Figure 5.12g)
and electron velocity (Figure 5.12h) show a decreasing pattern from the interplanetary media
(THEMIS-C) to the magnetopause (MMS-1) and the magnetotail (THEMIS-A), which differ
from the maximum values in each of the cases. While the maximum values of the total current
density (Figure 5.12i) and the FAC (Figure 5.12j) are found to be the highest in the
magnetopause (MMS-1), the average value of the FAC is found negative in this region. On the
contrary, the maximum power (Figure 5.12l) is found more in the interplanetary media

(THEMIS-C) but the average power in the magnetotail shows a negative value.

In a nutshell, we can infer that the magnetotail hosts higher magnitudes of magnetic
and electric fields and plasma temperatures; but the magnetopause region shows high values
of the plasma density and velocity, the current density, and the plasma beta. Further, in the
earth’s magnetotail, a magnetic dominance over the kinetic properties of the plasma is observed

in contrast to the magnetopause.
5.4. Discussion

Magnetic reconnection bears great significance in coupling processes around many
celestial bodies and is associated with large-scale astrophysical phenomena like X-ray flares in
pulsar wind nebulae, active galactic nuclei jets, edge of the heliosphere, fusion in laboratory
experiments; and solar coronal mass ejections, flares, prominence eruptions, coronal jets; and
other planetary magnetospheres (Hesse and Cassak, 2020). Detailed investigations on the
magnetic reconnections and associated variations at the X-lines in the magnetopause and
magnetotail regions have been reported in the literature by Hones (1984), Lee and Fu (1986),
Hesse and Schindler (1988), Lyon (2000), Phan et al. (2006), Drake et al. (2006), Yamada et
al. (2010). Recent studies on magnetic reconnection have mostly used the Cluster and MMS
observations like Cheng et al. (2016), Burch et al. (2016), Torbert et al. (2016), Fu et al. (2018),
Chen et al, (2019), and Macek et. al (2019a, 2019b). In this study, the characteristics of the
field and kinetic parameters of plasma near and at the current sheets are investigated during the
geomagnetic storm of 31 December 2015 to 1 January 2016 using multi-satellite observations.
We consider the magnetopause and PSBL encounters of the MMS, Cluster, and THEMIS
spacecraft by using the NASA-SSC data set which is based upon the spacecraft orbit,
Tsyganenko-89C and IGRF models (https://sscweb.gsfc.nasa.gov). The results from the study
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establish a probable reconnection region or the approach to EDR or IDR in some cases which
is characterized by large fluctuations in the electron and ion velocity, field variations and
reversals, drastic temperature rise, and changes in plasma density. Our results shown in Figure
5.3 on the agyrotropic terms indicate a strong possibility of a reconnection event with an
outflow jet between 23:17:15- 23:18:04 on 31 December 2015. However, these results do not
provide a piece of conclusive evidence regarding the crossing of an EDR. The sudden spikes
in these terms could also have originated in conditions of the spacecraft crossing a reconnection
separatrix region where additional influences such as the electron diamagnetic drift (Egedal et
al.,, 2016) and the lower-hybrid wave fluctuations localized along the separatrices
(Roytershteyn et al. 2012) set in. Nevertheless, by considering both the in-situ observations
made by spacecrafts and the fluctuations in the agyrotropic terms, it can be inferred that
spacecrafts have encountered reconnection events characterized by robust outflow jets. We find
the enhancements in all these parameters happen ~3-4 minutes before or later than the estimated

time of crossings.

The simultaneous observations are used to estimate the FAC density from the plasma (local
method) and the Curlometer methods. The previous studies, in general, have shown the two
estimations of the FAC to be very different most of the time (Cheng et al. 2016). The primary
reason could be the use of local measurement in the plasma method (as it is based on the
observations entirely made by a single spacecraft through the local method) in contrast to the
Curlometer method (as it is based on the observations entirely made by a multiple spacecrafts),
wherein the calculations are done at the center of the spacecraft tetrahedron, globally
contributed by the currents in different locations (Marchaudon et al., 2009, Cheng et al. 2016).
Additionally, such a difference could emerge because of the temporally varying separation
between the individual spacecraft, which is a general source of error in the Curlometer method.
However, the plasma method can also be erroneous owing to partial measurements out of the
full energy range of the ions (Frank 1981; Asano et al. 2004; Cheng et al. 2016). Hence, the
present study becomes significant in providing comparable FAC results from the two methods
(see Figures 5.5g-h and Figures 5.7g-h) using high-resolution coordinated observation from
MMS. Significantly, the FACs estimated from the Curlometer method and plasma (or local)
method agree well which corroborates the authenticity of the respective calculations and
becomes a main highlight of the present study.

The results (Figure 5.4 and Figure 5.6) show that the electrons moving anti-parallel to the

magnetic field are the major carriers of the FACs when the MMS encounters the possible
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reconnection sites. Before and after the crossings (respective magnetopause or PSBL crossings
of the spacecraft), the minimal amount of FAC flowing through the sites is mostly carried by
low energy (0-0.2 keV) electrons. Whereas, during the encounter, the electron population
generally shifts towards the mid (0.2-2 keV) and high energy (2-30 keV) range (Figure 5.4 and
Figure 5.6). In addition, the pitch angle distribution of the electrons shows a dominant
contribution from the parallel (~0°) and anti-parallel (~180°) electrons to the total FAC density.
Chen et al. (2019) have studied three distinct cases of layered FACs in the PSBL during the
non-storm period using high-resolution observations from the MMS and found that electrons
are the main carriers, while the contribution of ions cannot be neglected. They also inferred a
dominant contribution from the °‘thermal’ electron population against the negligible
contribution of cold and ‘superthermal’ electrons. Using the Cluster observations, Cheng et al.
(2016) reported an event in PSBL on 14 September 2004 during the recovery phase of a
substorm. They have inferred that the earthward FACs are mainly carried by the dominant
tailward motion of electrons hailing from energy levels of ~0.5 to 26 keV with large field-
aligned bulk speed. Our study corroborates the results from the previous studies regarding the
dominant carriers of the FACs during the main phase of the geomagnetic storm. However, the
magnitude of FAC density (20-100 nA/m?) as observed in the present study is much higher
than that reported in the above-mentioned papers (5-30 nA/m?). The contribution of the ions to
total FAC is found negligible in the magnetotail (observed by THEMIS-A, Figure 5.9), in
comparison to higher values in the magnetopause (observed by MMS-1, Figures 5.5 and 5.7).
Wright et al. (2002) have attributed the origin of the electrons carrying intense FACs to a
general generator region located some distance away, whereas, the ions probably have their
origin from the ionosphere through the ion-outflow process (Cheng et al. 2016). Notably, the
average current flow is found to be the highest from the THEMIS-C when the spacecraft was

close to the lunar orbit in interplanetary space (Figure 5.11).

Chen et al. (2019) have found that the omnidirectional ion and electron energy flux varies
in the order of ~10° (ion flux) and ~10" (electron flux) during the FAC flows during the non-
storm period. However, in our study (Figures 5.4 and 5.6), an order of magnitude larger values
are observed at ~10° (ion flux) and ~108 (electron flux) during the main phase of the
geomagnetic storm. In addition, the difference flux (dErux) during non-storm time is of the
order ~10° (Chen et al, 2019) which is of the order ~107 in the present study. This is probably

due to the higher magnitudes of FAC flow during the geomagnetic storm in the present case.
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The ideal (ambient and reference frame-dependent) and non-ideal (Hall, inertial, and
pressure-gradient) terms of the total electric field during all of the encounters of MMS-1,
Cluster-4, and THEMIS-A are presented in this study. The Hall term of the electric field is
found to contribute the most to the total electric field (Figures 5.5, 5.7, 5.8, and 5.9). Macek et
al. (2019a) have reported that in addition to the ideal electric fields, the Hall and inertial electric
fields of large magnitude (1-2 mV/m) may be responsible for fast reconnection in the ion
diffusion region. In the case of the fast reconnections presented here, we find a huge
contribution of the Hall electric field of the magnitude of ~6 mV/m during the main phase
(Figure 5.5) and 20 mV/m during the recovery phase (Figure 5.7). However, Macek et al.
(2019a) have figured out that during approaches to EDR, the pressure-gradient term becomes
the main contributor with as large as 20-200 mV/m magnitude. On the contrary, we find a
negligible contribution from the pressure gradient term during the main phase (Figure 5.5) but
a remarkable contribution during the recovery phase (Figure 5.7). In addition, an enhancement

in most of the parameters is found in the magnetotail during the encounters (Figure 5.9).

A comparative analysis of the characteristics of different regions, considering the different
field and kinetic parameters and energetics of the plasma, is also performed in the present study.
Significant intensification in the plasma and field parameters is observed by MMS-1 during
the crossings with the magnetopause in the main phase (Figures 5.4 and 5.5) and the recovery
phase (Figures 5.6 and 5.7), which indicates a possible magnetic reconnection. On the contrary,
Cluster-4 observed almost no significant enhancements in the parameters except a single layer
FAC while crossing the magnetopause during the recovery phase (Figure 5.8). The magnitude
of the velocity of the ions and electrons observed by the MMS-1 is found much larger than that
by Cluster-4 (mostly during the recovery phase). Even no sudden change in the directions in
the X, y, and z-components of the field parameters or velocity is observed by Cluster-4. In
addition, higher levels of the electron and ion temperature (both parallel and perpendicular) are
observed by MMS-1 compared to Cluster-4. The recovery phase begins at about 01 UT but the
IMF-Bz remains southward until ~10 UT (Figure 5.2). Thus, the 20-minute duration of the
MMS-1 (Cluster-4) crossing the magnetopause corresponds to the southward (northward)
orientation of the IMF-Bz.

The results of this study bring out some interesting relationships between different kinetic
parameters of the plasma. The magnetosphere has several specific regions with specific plasma
densities and temperatures, wherein, the plasma density is contributed by the solar wind and

terrestrial ionospheric outflow (Cheng et al. 2016). The ion velocity is found almost at similar
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levels (200-300 km/s) from all the satellite observations in this study. The electron velocity and
the ion/electron temperatures are found at almost one order less during the MMS-
magnetopause first encounter (Figure 5.4) when compared to the second encounter (Figure
5.6). However, the plasma density during the first crossing (Figure 5.4) is almost one order
higher than that during the second encounter (Figure 5.6). A similar pattern between the
variations of the velocity/temperature and the plasma density is observed while comparing
Cluster-4 (magnetopause) and THEMIS-A (magnetotail) encounters (Figures 5.8 and 5.9).
Therefore, it is found that during different encounters at the magnetopause and magnetotail,
the plasma density is found at lower (higher) levels when the levels of the velocity/temperature
are higher (lower). While comparing the average velocity of the ions and electrons during the
8-hour interval (Figure 5.12) during the main and the recovery phase of the storm, the highest
magnitude is observed by THEMIS-C in the lunar orbit in the interplanetary space, followed
by MMS-1 in the magnetopause, and by THEMIS-A in the magnetotail. However, the
observations in the interplanetary media (THEMIS-C in lunar orbit) show the maximum

magnitude of the current density and the power.

Some interesting and intriguing features of the plasma obtained from this study establish
evidence of two-reconnection regions near earth-space i.e. the magnetopause and magnetotail
are unique in terms of hosting the plasma kinetic and field properties. The results of this
geomagnetic storm corroborate the results of previous studies (Torbert et al. 2018). Especially,
the magnetotail is found to be highly dynamic in context to higher plasma (parallel and
perpendicular) temperatures, and higher levels of electric and magnetic fields, despite the
presence of the least magnitude of plasma density and FACs among the different encounters.
In addition, the average and maximum values of the magnetic field are found at a higher level
compared to plasma beta values in this region (Figure 5.12), leading to a dominance of
magnetic over the kinetic properties of the plasma. Basically, plasma beta also reflects the
balance between the thermal activity of electrons and ions, as described by kinetic theory, and
the influence of magnetic fields. In other words, plasma beta indicates the extent to which the
disordering effect of thermal motion competes with the ordering effect of magnetic fields in a

plasma system.

The magnetotail observations (THEMIS-A) exhibit lesser plasma density at higher
temperatures (Figure 5.10), which results in a higher order of energy per particle in the
magnetotail with respect to the magnetopause. In addition, the magnetotail hosts lesser energy

flux (~one order) compared to other regions (Figure 5.11) mostly because of very low plasma
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density. The average power associated with plasma in the magnetotail and the magnetopause
is comparable, but both the total current density and FAC are more in magnetopause. But
during the spacecraft encounters with probable EDR, the power is found one order more in
magnetopause compared to that in the magnetotail (Figures 5.5, 5.7, 5.8, and 5.9). In addition,
the results of Figure 5.3 on the electron agyrotropy and the divergence of electron pressure
tensor carry evidence indicating that the MMS1 spacecraft possibly encountered the EDR in
dayside during 2317-2320 UT. These results match with a previous study by Genestreti et al.
(2018). However, such an encounter from magnetotail could not be established in the present
study from the available THEMIS data set. So, we can only infer from the present study that
the higher plasma density as well as plasma beta in the magnetopause, depict a dominance of
the kinetic properties of the plasma, which is in contrast to the dominance of magnetic
properties in the magnetotail (noted above).

Our results show higher plasma density at the magnetopause than in the interplanetary
media (Figure 5.12) which is likely due to the compression across the shock. In addition, lower
values of the plasma beta show the dominance of magnetic pressure over the plasma pressure
(Figure 5.4) during the first encounter of MMS-1 with the magnetopause during the main phase
of the storm. However, during the recovery phase (Figure 5.6), as the magnetic pressure slowly
decreases and plasma pressure slowly increases in the magnetopause, the plasma beta grows.
As the main phase evolves, more and more plasma entry happens through the magnetopause,
and plasma pressure starts increasing. Here, notably, the plasma entry is favourably supported
by the longer-than-normal extension (into the recovery phase) in the southward IMF-Bz
(Figure 5.2). These results show dynamic, anomalous, and inhomogeneous interactions of the
interplanetary plasma with different parts of the magnetosphere during different phases of the

storms.

Several previous studies have provided various reasons behind these intriguing differences
in coupling among different parts of the Earth’s magnetosphere. Keiling et al. (2005) have
found that sometimes, the observed FAC in the tail lobe and PSBL regions in the earth’s
magnetotail can also be due to the superimposition of the Alfvén waves, especially during
geomagnetic storms and substorms. In addition, these waves may also have an impact on
particle velocity and acceleration (Cheng et al. 2016). Torbert et al. (2018) have explored the
MMS observations of the reconnection in the EDR and explained the day and night-side
differences in the processes that convert the magnetic energy. Burch et al. (2016) have found

that there exists higher asymmetry in the regions of “X” type reconnection and electron flow
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stagnation point at the magnetopause region (Burch and Phan 2016; Genestreti et al 2017;
Cassak and Shay 2007) but, these two regions are found to be coincident in the magnetotail
with symmetric inflow conditions (Torbert et al. 2018). Notably, the amount of magnetic
energy per particle in the magnetotail is comparable to that of the solar corona and much other
space and laboratory plasma, where magnetic reconnection also occurs (Torbert et al. 2018).
Lyon (2000) summarized this with ‘an unseen electrical generator, more powerful than any
man-made generator, exists in space near Earth’. It is important to say that this generator is
capable of producing as much as hundreds of billions of watts of power every day. The present
study provides some unigue dynamic characteristics of the magnetosphere and the reconnection
regions inside it (the magnetopause and magnetotail). The results are very interesting and
entrancing and warrant further investigations for the growth of our understanding of space

weather.
5.5. Summary and conclusions

Coordinated observations of the MMS, Cluster, and THEMIS spacecraft during a geomagnetic
storm of 31 December 2015-1 January 2016 are used to understand the short-scale variations
at probable reconnection regions in near earth-space. A conclusive summary of the salient

features and new findings is provided below.

1. The FACs observed at the magnetopause are found to be predominantly carried by
electrons moving anti-parallel to the magnetic field, particularly in the magnetotail
region. The day-night difference in FAC density is possibly enhanced during the main
phase of the geomagnetic storm.

2. Significantly, the FACs estimated from the Curlometer method and plasma (or local)
method agree well which corroborates the authenticity of the respective calculations
and becomes a main highlight of the present study in contrast to some previous studies
which showed major differences.

3. Mostly, fewer low energy (0-0.2 keV) electrons are found to carry a low magnitude of
FAC density away from the reconnection region. However, during reconnections, the
majority of the electron population is found to shift towards the mid (0.2-2 keV) and
high-energy (2-30 keV) range. In comparison to the previous studies, our results show
higher levels (~one order more) of ion and electron energy flux.

4. The kinetic electron-scale observations provided by the MMS prove that the non-ideal

terms of the electric field bear higher significance and relevance during magnetic
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reconnection. Especially, the Hall electric field is found to be the major contributor to
the total electric field during magnetic reconnection when compared to the higher
contribution by the pressure-gradient term reported earlier. In the case of the
geomagnetic storm, our results indicate the growing significance of the pressure
divergence term during later phases of the storm.

5. Longer duration (8-hour) continuous observations show a dominance of magnetic
(kinetic) properties compared to kinetic (magnetic) properties in the magnetotail
(magnetopause). Also, respective variations in the magnitude of plasma beta represent
the varying magnitude of the magnetic and plasma pressure, as the storm progresses.

6. The signatures of power representing electromagnetic energy density being converted
into plasma density show that only during the magnetopause and PSBL encounters, a
large conversion of electromagnetic energy to particle energy happens in the
magnetopause, whereas, such conversion is very common and usual in the magnetotail
during the rest of the times. Drastic sudden changes are observed at the crossovers
between different regions.

7. In context to the magnetopause-magnetotail, the results establish largely anomalous
plasma characteristics (inside the magnetosphere) during the geomagnetic storm. The
highly dynamic character of the magnetotail is established by observation of higher
levels of the electric and magnetic field, ion, and electron temperature, and
simultaneous lower levels of plasma density, energy flux, and FACs. On the contrary,
the magnitude of FAC, total current, and plasma density are found to be the highest in
the magnetopause.

8. It is found that during different encounters at the magnetopause and magnetotail, the
plasma density is found at lower (higher) levels when the levels of the
velocity/temperature are higher (lower). Thus, an indirect/inverse common relationship

between the plasma density and temperature/electron velocity is derived.

Thus, it can be inferred that the coupling processes at the kinetic scale are inherently intricate
and fascinating in the realm of space weather research, thus constituting a significant and active
topic in this domain. The work presented in this chapter is published as a research article
by Hajra et al. (2023b).
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CHAPTER 6

Summary and Future Directions

“Somewhere, something incredible is waiting to be known.”

— Carl Sagan
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6. Summary of the thesis

The motivation behind space research encompasses a blend of both scientific
exploration and practical benefits of the civilization. For many decades, scientists have been
intrigued by the dynamic and intricate nature of the solar wind-magnetosphere-ionosphere
system and associated coupling mechanisms which govern the flow of mass, energy, and
momentum. During extreme events like solar and geomagnetic disturbed periods, extreme
events such as geomagnetic storms and substorms happen, and they can have detrimental
effects on sensitive and delicate technological systems, including satellite communication and
navigation signals, ground-based power grids, and satellites. This field of study is dynamically
evolving within the realm of science due to the continuously changing nature of solar wind, the
earth's magnetosphere, and the ionosphere. Moreover, there are ongoing debates and
discussions within the scientific community regarding the sequence of events that occur during
geomagnetic storms and substorms and the associated coupling between the magnetosphere
and ionosphere. Although large-scale processes in the solar wind-magnetosphere-ionosphere
system are mostly -well-understood, numerous small-scale processes remain undiscovered.
With the launch of diverse magnetospheric and ionospheric satellites by space agencies from
various countries, new opportunities have arisen to investigate these unresolved questions.

This thesis aims to comprehensively explore several facets of the solar wind drivers,
coupling mechanisms at both large and small scales in the solar-wind-magnetosphere-
ionosphere system, energy transfer and partitioning, ionospheric variabilities, and geomagnetic
responses during extreme events. To achieve this, the thesis focuses on analysing data from
four supersubstorms of solar cycle 24 and the 31 December 2015 geomagnetic storm, using
multiple satellite and instrument datasets, estimations, and established methodologies.

Chapter 1 serves as an introductory section, contextualizing the study and providing a
comprehensive overview of the relevant literature. Chapter 2 details the data sources,
instruments, and observations utilized throughout the study, establishing the groundwork for
the ensuing analyses. Chapters 3 and 4 undertake a rigorous examination of four
supersubstorms of solar cycle 24. Specifically, Chapter 3 scrutinizes large-scale coupling
processes and energy flow in the solar wind-magnetosphere-ionosphere system, while Chapter
4 focuses on geomagnetic responses and a few magnetosphere-ionosphere coupling processes
during the supersubstorms. Chapter 5 provides results and analyses pertaining to kinetic scale
coupling processes, based on in-situ observations from three magnetospheric satellites during

a geomagnetic storm on December 31, 2015.
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Therefore, this thesis offers a few major findings that can make contributions to the
areas of solar wind-magnetosphere-ionosphere coupling study and associated existing
knowledge. A concise summary of these new findings and the corresponding conjectures they
engender are provided in the subsequent section.

6.1 Summary of new findings

1. The solar cycle 24 was the weakest in the space age in terms of the occurrence and average
intensity of supersubstorms. It is found that Extreme space weather events are caused by
multiple hits of magnetic clouds, which are associated with fast-moving background plasma
(FAST) and shock waves most of the time, leading to the occurrence of multi-phase storms
and substorms. The results on the solar wind-magnetosphere-ionosphere coupling
efficiencies and ratios reveal that only a small fraction (~3%) of the solar kinetic energy
enters the earth’s magnetosphere and around 55-60% of the input energy dissipates in the
form of the sinks. A significant portion of the ‘left-over’ energy is accreted inside the
magnetosphere, which is augmented and re-energized by various intra-magnetospheric
processes and plasma instabilities in the post-substorm period. This conjecture is validated
by a comparative analysis of the energy partitioning between shorter and longer time
intervals, which reveal that for shorter intervals like period of substorms and
supersubstorms, the magnetospheric input energy (derived from the Epsilon parameter)
dominates over the energy dissipated, whereas, for the longer durations, the energy
dissipated surpasses. The variability of input energy in the magnetosphere-ionosphere
system, despite high levels of solar kinetic energy, underscores the crucial role played by
solar wind-magnetosphere coupling in the energy dynamics of the magnetosphere.

The results of the studies conducted signify the control of coupling on the transmission,
conversion, and dissipation in the solar wind-magnetosphere-ionosphere system, and the
coupling mechanisms are not simplistic but depend on various factors. The dissipation
through Joule heating is the dominant energy sink in shorter intervals, whereas, the
dissipation through auroral precipitation takes over for longer periods. It is found that the
dissipation through the ring current remains always at the lowest levels, whereas, ~79-91%
of the energy is dissipated through ionospheric energy sinks during the supersubstorm
periods. Individually, the Joule heating (ring current) sink gains more (less) percentage in

the recovery phase with respect to the expansion phase.
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Through the examination of 101 substorms with varying intensities, it has been
determined that as the intensity of a substorm increases, a greater proportion of the energy
is dissipated through ionospheric energy sinks. Within these sinks, the rate of increase for
Joule heating is greater than that of other major energy sinks. This indicates that the response
of the earth's magnetosphere varies according to the intensity of the substorm over a specific
period. Our findings indicate that as the intensity of substorms increases, a smaller
proportion of energy is dissipated through magnetospheric energy sinks such as the ring
current, while a larger share is directed towards ionospheric energy sinks. Additionally, the
variation in input efficiency with substorm intensities suggests that fully isolated
supersubstorms may occur very infrequently.

2. The responses of the SSC in both the 2012 and 2017 events display three distinct latitudinal
signatures. These include (a) a step-like PPI followed by the M1 between 0° and 45° latitude,
(b) a PP1 with a Gaussian shape followed by M1 between 45° and 65° latitude, and (c) a PRI
followed by MI between 65° and 90° latitude. A sequential impact of the hydromagnetic
longitudinal shock wave and the FACs (and their manifestations as DP2 currents) associated
with the SSC and the global magnetospheric convection is observed as the above-mentioned
three different types of net responses in the H-component variations.

During supersubstorms, a significant north-south asymmetry is observed in the H-
component variations at high latitudes, which is attributed to the seasonal differences in the
growth and decay of ionospheric currents, with the summer and winter hemispheres
exhibiting contrasting behaviours. An intriguing observation has been made in the co-
latitude band ranging from approximately 55° to 65°, which reveals a complete reversal of
phase, characterized by a global positive peak in the H-component, which occurs
concurrently with the maximum depression in nearby latitude bands and peak depression in
the SYM-H, SML, and AE indices. This suggests that each supersubstorm event involves a
complex temporal composite of magnetospheric processes, magnetosphere-ionosphere
coupling, and associated currents in the magnetosphere-ionosphere system. Furthermore,
the composite effect generates a latitude-specific signature during the event. The H-
component depressions at low latitudes exhibit two distinct sets of longitudinally dependent
signatures, which can be attributed to local noon and midnight.

In contrast to the H-component, the variations in the D-component do not display any
discernible latitudinal pattern during the SSC. Intriguing positive undulations in the D-
component are observed when the H-components fall. In addition, the D-components vary
significantly from one station to another. This lack of a clear pattern can be attributed to the
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complex and non-linear nature of the underlying ionospheric processes. During
supersubstorm periods, a north-south asymmetry in the variations of the D-component is
observed. However, the amplitude of these perturbations is smaller than those observed in
the H-component during the same intervals. Furthermore, the mid-latitude reversal and local
time-specific pattern observed in the low latitudes are not present in the variations of the D-
component during supersubstorm periods. In addition, intriguingly no global minimum
during the supersubstorm, and highly variable, and local time-dependent low-latitude
signatures are observed.

During supersubstorms, the GIC severity, as indicated by the dB/dt, exhibits peaks that
reach their highest magnitudes of ~900 nT/min in the latitude range of 60°-75°.
Additionally, secondary peaks are observed in the dip equatorial regions. Interestingly, the
peaks of dB/dt over different magnetometer stations do not occur simultaneously during the
supersubstorm periods and are also observed prominently after these periods over the mid
and high latitudes. These findings suggest the possibility of a global threat of GICs beyond

the supersubstorm periods, which warrants further investigation.

3. The coordinated observations of the MMS, Cluster, and THEMIS spacecraft during a
geomagnetic storm of 31 December 2015-1 January 2016 are used to understand the short-
scale variations at probable reconnection regions in near earth-space. Electrons moving anti-
parallel to the magnetic field are found to be the main carriers in the magnetopause and the
magnetotail region. A clear shift of electron flux of low energy (0-0.2 keV) to the mid (0.2-
2 keV) and high-energy (2-30 keV) range during the reconnection is observed. In
comparison to many of the previous studies, our results show higher levels (~one order
more) of ion and electron energy flux. The kinetic electron-scale observations provided by
the MMS prove that the non-ideal terms of the electric field bear higher significance and
relevance during magnetic reconnection. Especially, the Hall electric field is found to be the
major contributor to the total electric field during magnetic reconnection. Longer duration
continuous observations show a dominance of magnetic (kinetic) properties compared to
kinetic (magnetic) properties in the magnetotail (magnetopause). Drastic sudden changes
are observed at the crossovers between different regions. In context to the magnetopause-
magnetotail, the results establish largely anomalous plasma characteristics (inside the
magnetosphere) during the geomagnetic storm. The highly dynamic character of the
magnetotail is established by observation of higher levels of the electric and magnetic field,

ion, and electron temperature, and simultaneous lower levels of plasma density, energy flux,
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and FACs. On the contrary, the magnitude of FAC, total current, and plasma density are
found to be the highest in the magnetopause. In a nutshell, magnetotail is proved to be a
region of very low plasma density, and energy flux; however, energy per particle is higher
with respect to magnetopause, which makes the magnetotail a very dynamic region for space

weather studies.

6.2 Future scope

The possibilities for research in the field of SW-M-1 coupling are endless. Especially, with
the launch of several satellite missions in different parts of the magnetosphere and
interplanetary space in the recent past and near future (for example the Aditya L1 by ISRO in
2025), the possibility to investigate and explore different intricate phenomena in the SW-M-I
system has been enhanced several fold. Numerous compelling questions remain unanswered,
and ongoing debates and discussions persist within the scientific community on several issues.
In the following discussion, we outline some potential and feasible future research areas that
can effectively address a few of the unresolved issues. These research scopes are intended to
build upon and extend the work and studies presented in this thesis, ensuring a continued

exploration of the subject matter.

1. After having a vivid analysis of the SW-M-I coupling, the immediate task from the view of
coupling aspects is the investigation of the high latitude- low latitude coupling during these
extreme events. It is a feasible task to integrate satellite and ground-based observations of
ionospheric plasma irregularities with measurements of geomagnetic activity to study the
evolution of ionospheric storms. In addition, combining the measurements of ionospheric
plasma convection and total electron content (TEC) (from GNSS, ionosonde, etc.) with
ground-based magnetometer observations may lead to understanding the magnetosphere-
ionosphere coupling and high latitude-low latitude coupling better during extreme events,
especially substorms.

2. To understand the complex response of the magnetosphere-ionosphere system during solar
transient forcing (especially in the case of the SSC), an analysis of the D-component
variations is essential to decipher the ionospheric contribution to the total current. The
“TS04’ (Tsyganenko and Sitnov, 2005) and ‘Piersanti and Villante’ models (Piersanti and

Villante., 2016) can be incorporated into the magnetometer observations during SSCs to
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evaluate the ionospheric current vortices in both hemispheres and segregate the
magnetospheric and the ionospheric contributions to the SSC.

3. Magnetic reconnection occurs over a wide range of spatial and temporal scales, and many
complex processes that interact with it, such as turbulence and waves. A bigger set of EDR
crossing events may be taken up to understand the kinetic scale coupling processes and these
large-scale interactions better during magnetic reconnection.

4. A large dataset encompassing the solar cycles 23 and 24 could be investigated to study the
impacts of space weather on the power grid and develop mitigation strategies to minimize
the damage caused by GICs. In addition, a task to investigate the effects of ionospheric
scintillation on GPS signals and develop algorithms to improve the accuracy of GPS

positioning during ionospheric storms can also be taken up.

The above-mentioned scopes are based on four basic factors of any investigation, namely,
multi-instrument observations and integration of multiple datasets, conducting simulations and
development of new models, investigation of more extreme events, and, exploration of the

impacts of these events on technology.
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Appendix A

Summary table for the validation of the
occurrence of the supersubstorms and their
energetics

This appendix provides supplementary material in continuation of Chapter 3, wherein the
observations and results on the sources, coupling, and energy distribution in the SW-M-I system
during the four supersubstorms of solar cycle 24 are presented. The study basically carries out the
details of the solar wind drivers, energy coupling, flow, and distribution during the events on 28 May
2011, 9 March 2012, and 7-8 September 2017.

This appendix contains a figure and a table that entail detailed information on the occurrence
of the supersubstorms and the associated results on the energy partitioning presented in Chapter 3.
The contents are presented sequentially below as supporting information (SI) 1-2.

SI-1. DMSP SSUSI observations during the four supersubstorms

SI-2. A table containing different energy estimations for different short and long periods

SI-3 A figure depicting the variations in ring current following eleven different static and

dynamic models during the supersubstorm events

SI-1. Observations from DMSP-SSUSI during the four supersubstorms occurred on 28 May
2011, 9 March 2012, and 7-8 September 2017

Each row designates the auroral evolution observed from the top of the poles by DMSP-SSUSI
satellites during each supersubstorm event. In each row, the leftmost and rightmost columns designate
the quiet period just before and after the event respectively. The second and third columns in each
row show the auroral evolution of each hemisphere due to the large inflow of solar plasma during the
peak hours of the supersubstorm events. The exact time when the snapshots are taken and the
corresponding DMSP satellite which covered the respective pass is depicted in each cell. To
validate/cross-check the large inflow of solar energy into the magnetosphere-ionosphere system
during the aforementioned time periods, global longitudinal coverage using DMSP-SSUSI UV

observations is taken.
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Observations from the top of the poles show perturbations centered around the Midnight

sector and indicate longitudinal differences in the incoming energy fluxes. Supersubstorm events

are basically designated by large depressions in SML indices. These large perturbations in H-

components during those specific time periods are validated by the auroral evolution due to the

huge inflow of solar wind energy which is clearly depicted in the observations from DMSP
SSUSI.

SI-2: Table containing different energy estimations for different short and long periods.

The columns from left provide the concerned duration to obtain an average, available solar

energy (Esw), magnetospheric input energy (Ee), total dissipated energy (Et), and the energy

dissipated over the three major sinks (Ej, Er, Ea), the corresponding coupling efficiencies

are given by el, e2, and e3, respectively. The estimates are given as averages for different

types of short and long periods.

Event Vear Eqw E. E, E; E, E, el e2 e3
(10%¢]) | (10%¢]) | (10 | (10'¢y) | (10 ]) | (10%°]) | (%) | (%) (%)
Substorm average 78.98 0.27 0.07 0.29 0.18 0.52 0.34 192.6 14.89
Storm average 168.15 4.25 1.44 2.42 1.22 5.08 253 | 1195 | 39.56
2011 58.88 1.80 0.11 0.68 0.54 1.33 3.05 | 73.95 9.04
Supersubstorm 2012 145.15 7.19 0.50 2.47 1.25 4.21 495 | 5856 | 13.35
period 2017-SSS1 149.82 5.96 0.38 1.13 0.73 2.25 398 | 37.71 | 20.60
2017-S5S2 227.20 2.61 0.33 0.96 0.74 2.03 1.15 | 77.94 | 1957

2011 611.18 6.41 0.86 5.29 3.68 9.80

4 days 2012 954.25 15.29 1.63 7.03 4.60 13.33

2017 740.93 11.25 1.44 3.64 3.05 8.13

2011 3.69x10° | 23.68 4.29 1430 | 20.22 38.81

1 month 2012 3.58x10° | 34.47 5.57 18.64 | 2056 | 44.77

2017 474x103 | 25.07 5.48 1491 | 2174 | 4213

2011 3.43x10* | 230.36 4553 | 115.01 | 167.02 | 327.56

1 year 2012 3.51x10* | 329.84 51.63 | 160.53 | 194.08 | 406.24

2017 5.07x10* | 222.21 49.76 | 141.08 | 141.08 | 402.07
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Above table is an elaborate version of Table 3.1 of Chapter 3. Here, in addition to Table
3.1, the estimations of energy parameters in each column are given separately for each

supersubstorm, and for longer periods like 4 days and 1 month.

SI-3: Estimates of ring current during the three supersubstorm events following eleven

static and dynamic models and estimations of the decay time (7).
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The above figure depicts variations of ring current following eleven different estimates (with reference to
Table 2.3 given in Chapter 2). All the curves show almost identical phase variations, whereas, they show
significant variations in amplitude. The estimates having similar magnitude are stacked in the same panels
and hence four rows of curves are plotted. The first row depicts the variations of ring current following the
estimates of Davis and Parthasarathy, Burton et al., Valdivia et al., and Xu and Du. The second row
shows the variations of ring current following the models of O’Brien and McPherron, Lu et al., and
Akasofu. The third row depicts the variations of ring current following Perrault and Akasofu,
Gonzalez, and MacMahon, and Llop-Romero which almost coincide with each other. The
bottommost row shows variations of ring current following Gonzalez et al. It is notable to mention
that the model followed by O’Brien and McPherron is a dynamic model which is followed mostly

in the community, and the same is followed to estimate ring current in Chapter 3.
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Appendix B

Summary table for the Global H and D
component observations

This appendix provides supplementary material in continuation of Chapter 4, wherein the
observations and results on global geomagnetic responses during the four supersubstorms of solar
cycle 24 are presented. The study basically carries out the responses of H and D components of the
global magnetic field and the geomagnetically induced currents during the events on 28 May 2011, 9
March 2012, and 7-8 September 2017.

This appendix contains a table and five figures that entail detailed information on various results
presented in Chapter 4. The contents are presented sequentially below as supporting information (SI)
1-7-

SI-1. Table of locations of the magnetometer stations used in the present study

SI-2. H-component observations during the SSC

SI-3. H-component observations from the latitude band of 70° -90°

SI-4. H-component observations from the latitude band of 15° -70°

SI-5. SuperDARN convection maps at the minimum SML epochs

SI-6. D-Component observations during the main phase of the supersubstorms

SI-7. SuperMAG polar maps of ground magnetometer H-component vectors

SI-1. The following table gives the locations of the INTERMAGNET magnetometer stations used in
the study presented in Chapter 4 (Figure 2.4). The geographic coordinates of each station are given
along with the difference between local time and GMT in terms of lead/lag. The magnetometer
stations with their respective geographic lat-lon and geomagnetic lat-lon during 2011, 2012, and 2017
with exact time epochs of the advent of SSC are given in Table 1 below.

Table SI-1. List of all the INTERMAGNET stations used for the study presented in Chapter 4

Station Geographical LT LT LT Geomagnetic coordinates (Lat, Long)
name coordinates (GMT4) | 2012 2017 | 2011 2012 2017
(Lat, Long) (UT- (UT-
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11:04) | 23:45)
NORTHERN HEMISPHERE
Dalat (DLT) 11.94,108.48 | +7 18:04 | 6:45 1.94N,179.25W | 2.00N, 179.17W | 2.29N, 178.90W
Guam (GUA) 13.59,144.87 | +10 21:04 | 9:45 5.53N, 143.84W | 5.59N, 143.76W | 5.85N, 143.48W
Hyderabad (HYB) 17.4,78.6 +5:30 16:34 | 5:15 8.57N, 151.98E | 8.62N, 152.05E | 8.85N, 152.29E
Phuthuy (PHU) 21.03,105.95 | +7 18:04 | 6:45 10.98N,178.32E | 11.04N,178.40E | 11.33N,178.66E
Kourou (KOU) 5.21,307.27 -3 8:04 20:45 | 14.51N, 20.15E | 14.45N, 20.22E | 14.17N, 20.47E
Mbour (MBO) 14.38,343.03 |0 11:04 | 23:45 | 19.76N,57.86E | 19.72N,57.93E | 19.53N, 58.11E
Kakioka (KAK) 36.23,140.18 | +9 20:04 | 8:45 27.52N,150.7W | 27.58N,150.6W | 27.85N,150.2W
San Fernando(SFS) 36.67,354.06 | -7 4:04 16:45 | 39.89N, 73.71E | 39.86N, 73.74E | 39.74N, 73.79E
Boulder (BOU) 40.14,254.76 | -6 5:04 17:45 | 48.02N,38.57W | 47.98N,38.43W | 47.79N, 37.93W
Hel (HLP) 54.603, 18.81 +1 12:04 0:45 53.06N,104.57E | 53.06N,104.57E | 53.09N,104.44E
Valentia (VAL) 51.93, 349.75 0 11:04 23:45 | 55.44N, 74.60E 55.41N, 74.60E 55.29N, 74.48E
Nurmijarvi (NUR) 60.51, 24.66 +2 13:04 1:45 57.75N,113.03E | 57.76N,113.01E | 57.83N,112.83E
Uppasala (UPS) 59.90,17.353 | +1 12:04 | 0:45 58.36N,106.13E | 58.36N,106.11E | 58.40N,105.91E
Sitka (SIT) 57.06,224.67 | -8 3:04 15:45 | 60.20N, 78.44W | 60.20N, 78.25W | 60.18N, 77.48W
Lerwick (LER) 60.13, 358.82 0 11:04 23:45 | 61.73N, 88.74E 61.71N, 88.71E 61.66N, 88.44E
Lycksele (LYC) 64.6, 18.8 +1 12:04 0:45 62.54N,110.77E | 62.55N,110.74E | 62.60N,110.45E
Sodankyla (SOD) 67.37, 26.63 +2 13:04 | 1:45 63.95N,119.37E | 63.97N,119.33E | 64.07N,119.03E
College (CMO) 64.87,212.14 | -8 3:04 15:45 | 65.38N, 97.04W | 65.40N, 96.83W | 65.47N, 95.95W
Yellowknife (YKC) 62.48,24551 | -6 5:04 17:45 | 68.69N,59.15W | 68.67N, 58.92W | 68.56N, 57.97W
Deadhorse (DED) 70.36,211.21 | -8 3:04 15:45 | 70.16N,104.4W | 70.19N,104.1W | 70.30N,103.1W
Cambridge Bay (CBB) 69.12,254.97 | -6 5:04 17:45 | 76.30N, 54.93W | 76.28N, 54.62W | 76.14N, 53.30W
Godhavn (GDH) 69.25,306.47 | -2 9:04 21:45 | 78.11N, 33.77E | 78.05N, 33.75E | 77.78N, 33.45E
Hornsund (HRN) 77.00, 15.55 +1 12:04 | 0:45 73.93N, 125.1E | 73.96N,125.1 E | 74.08N,124.4 E
Resolute Bay (RES) 74.69,265.11 | -5 6:04 18:45 | 82.71IN,53.55 W | 82.68 N,53.03W | 82.54N,50.80W
Thule (THL) 77.47,290.77 | -3 8:04 20:45 | 87.25N, 14.06E | 87.19N, 14.11E | 86.90N, 13.89E
SOUTHERN HEMISPHERE
Huyankayo (HUA) -12.05, 284.67 | -5 6:04 18:45 | 2.41S, 2.63W 2.12S, 2.90W 2.06S, 2.98W
Ascension Island (ASC) | -7.95,345.62 | GMT 11:04 | 23:45 | 2.56S,57.14E | 2.60S,57.22E | 2.80S,57.50E
Saint Helena (SHE) -15.96, 354.25 | +1 12:04 0:45 11.72S, 64.32E 11.76S, 64.41E 11.93S, 64.72E
Pamatai (PPT) -17.57,210.42 | +10 21:04 9:45 15.03S, 74.48W | 15.04S, 74.42W | 15.07S, 74.23W
Apia (API) -13.8,188.22 | +14 +1:04 | 13:45 | 15.14S,96.96 W | 15.11S, 96.90W | 15.04S, 96.70W
Pilar (PIL) -31.4,296.12 | -3 8:04 20:45 | 21.40S, 7.72E 21.46S, 7.79E 21.76S, 8.06E
Charters Tower (CTA) -20.1, 146.3 +10 21:04 | 9:45 27.59S,138.59W | 27.54S,138.53W | 27.29S,138.34W
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Alice Springs (ASP) -2377,133.88 | +9:30 | 20:34 | 9:15 | 32.45S,151.39W | 32.39S,151.33W | 32.11S,151.12W
Port Stanley (PST) -51.7,30211 | -4 7:04 | 19:30 | 41.85S, 11.99E | 41.91S, 12.07E | 42.2S, 12.35E
Eyrewell (EYR) -43.47,172.39 | +13 +0:04 | 12:45 | 46.80S,105.98W | 46.775,105.96W | 46.65S,105.98W
Port Alfred (CZT) -46.43,51.87 | +2 13:04 | 1:45 | 51.11S, 114.27E | 51.10S, 114.42E | 51.02S, 115.04E
Argentine Islands (AIA) | -65.25, 295.75 | +13 +0:04 | 12:45 | 55.25S,5.93E | 55.31S, 6.00E | 55.60S, 6.24E
Port-aux-Francais (PAF) | -49.35,70.26 | +5 16:04 | 445 | 56.59S, 133.77E | 56.55S, 133.93E | 56.39S, 134.56E
Macquarie Island (MCQ) | -54.5, 158.95 | +11 22:04 | 10:45 | 59.66S,115.78W | 59.625,115.79W | 59.46S,115.93W
Neumayer Station Il | -70.68, 351.72 | O 11:04 | 23:45 | 64.65S,44.33E | 64.71S, 44.48E | 64.94S, 45.11E
(VNA)

Mawson (MAW) -67.6,62.88 | +11 22:04 | 10:45 | 73.07S,111.88E | 73.06S,112.16E | 72.99S,113.36E
Casey Station (CSY) -66.28, 11053 | +13 +0:04 | 12:45 | 76.05S,175.27W | 75.99S,175.15W | 75.69S,174.81W
Scott Base (SBA) -77.85,166.78 | +13 +0:04 | 12:45 | 78.95S, 71.39W | 78.95S, 71.62W | 79.00S, 72.83W
Dome C (DMC) -75.25, 12417 | +13 +0:04 | 12:45 | 83.995,136.10W | 83.945,136.32W | 83.70S,137.56W
Vostok (VOS) -78.46, 106.84 | +10 21:.04 | 9:45 | 88.31S, 174.06E | 88.25S, 174.78E | 87.96S, 177.05E

Figure 2.4 of the thesis gives the locations of the magnetometer stations of the INTERMAGNET network.

The geographic coordinates of each station are given along with the difference between local time and GMT

in terms of lead/lag. The magnetometer stations with their respective geographic lat-lon and geomagnetic
lat-lon during 2011, 2012, and 2017 with exact time epochs of the advent of SSC are given in Table SI-1.
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Figure SI-2. The H-component observations from 41 INTERMAGNET stations during the SSC of
the 2012 and 2017 events
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The above figure is an elaborate version of Figure 4.3 of Chapter 4 and explains the results of it in a vivid
and elaborative way. It depicts the H-component perturbations of 41 magnetometer stations (in comparison
to 29 magnetometers in the main manuscript) can be segregated into three distinct types of latitude-specific
signatures in the latitude band of- 0°-45°, 45°-65°, and 65°-90°. This figure accommodates more stations

and conforms to the similarity of the signatures in those specific latitude bands.
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Figure SI-3. The H-component observations from 10 INTERMAGNET

band of 70°-90° during 4-days surrounding the supersubstorm events
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The above figure is a detailed version of Figure 4.5 of Chapter 4 and shows the individual H-component

perturbations recorded in these stations in an elaborate way (in terms of both magnitude and phase). It shows

the H-component perturbations recorded by the INTERMAGNET stations residing in the co-latitude band

of 700-900 separately during the four days surrounding the supersubstorm period.
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SI-4. H-component observations from the latitude band of 15° -70° The H-component observations
from 23 INTERMAGNET stations in the co-latitude band of 15° -70° during 4-days surrounding the

supersubstorm events
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The above figure is an elaborate version of Figure 4.6 of the main manuscript. It shows the H-
component perturbations recorded by the INTERMAGNET stations residing in the co-latitude band
of 150 -700 separately during the four days surrounding the supersubstorm period. It is to be noted
that this figure shows three distinct well-matched variations for bands of 63°-70°, 56°-63°, and 15°-
55° for both hemispheres. This figure accommodates more stations (especially in the latitude band of

15°-55° and 63°-70°) and conforms to the similarity of the signatures in the specific latitude bands.
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Figure SI-5. The latitudinal and longitudinal extensions of the DP2 current system as observed by the

SUPERDARN radars during the 2012 and 2017 events
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The variations in the DP2 just before the start of the expansion phase are given in the left panels and at the
peak of the main phase in the right panels respectively, for the northern (upper panels) and southern (lower
panels) hemispheres. Various label and notations have their usual meanings according to Cousins et al.
(2013). The expansion of the concentric cells of the DP2 current system validates the hypothesis of

equatorward extension of DP2 currents during the disturbed periods.

Figure SI1-6. The D-component observations from 18 INTERMAGNET stations during 4-days

surrounding the supersubstorm events

May 2011 March 2012 September 2017
Quiet <—— Disturbed days > Quiet <«— Disturbed days > Quiet €«——— Disturbed days ————»>
1000 nT
L O S — S o |THLB725°N
~~~~~~~~ e R R — RES 82719 N
— R e o W e e o
wi‘ﬁ,v:,:a?::imwﬂw Sl = GDH 78.110 N
e A~ O, S wdw-l"n,..wm.v —{ HRN 73.93° N
SDL "\q § P A - I Ao A 1000[ ¥ [Z v vl 2 61.70° N
e "&,‘, b =, i ) , o Y et V] LER61.70°N
ni * A mn‘r m o0 e W“'n‘ —H 300' Y _J«.J 8V T ¥ 1 pssasecn
i = .“,, r‘l Moy 1 18 *A,J,r}w* "_, { 208' R Y wursz e N
-100 -200 200 :
= [ v VN
E 20 A Mw e gg L/ Nwm ﬁ/\/‘"—f& ’4 -40 == WJR/MM ~ HYB0862°N
T 30 —N MW\M\/\ ‘1 f v*\wj\m\/\fm &‘/Fwﬂ _20 b\/__,/fﬂ’f- ,/\‘MP__J‘(J% GUA 05.58° N
50 = u— — T T ,»\ AN PN
(== ~+ WW ﬂ 50|.d =LY M""‘w‘-’“ VAN w{ . }f’ X W ™ HUA02.12° S
20 _,\MMW ) J«wf\r\,.( 48 = —'\\W"‘w-\\'/'&-\f/ﬁ _20 P,,\ . m’\v&-—f\/‘w ASC 02.56° S
288 oy . 1000 o EE S —
S PG 2 ‘&‘--',,v ] 188 Y _ !\"L'}'k 0 A J 500} ]3 *L_ T + { PAF 56.38° §
'200 I L | -200 I
e vk AN MAW 73.670“ s
] ~ CSY 76.05° S
e e W%,*. . SBAT78.95°S
*W;T“W\/“"v — L DMC 83.99° §
(] S T I —T— T T T ——T 1 vVOS 88.31° S
20/05 27/05 28/05 29/05 30/05 24/02 0803 09/03 10/03 11/03 30/08 ' 07/09 ' 08/09 ' 09/09 ' 10/09

The above figure is an elaborate version of Figure 4.8 of the main manuscript. It shows the D-component
perturbations recorded by the INTERMAGNET stations from the north pole to the south pole separately
during the four days surrounding the supersubstorm period. It is to be noted that this figure separately shows
the amplitudes in each panel and the normal phase variations. The red and brown curves represent the
variations in D- component in the high latitudes, the blue curves in the mid-latitudes, and the violet curves
in the low latitudes.
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Appendix C

Summary table for the near earth space regions
traversed by the satellites

This appendix provides supplementary material (SI) in continuation of Chapter 5, wherein the

observations and results on small and large scale observations of plasma and field parameters from

MMS, Cluster, and THEMIS during the 31 December 2015- 1 January geomagnetic storm are

presented. The study also carries out estimations on important solar-wind-magnetosphere-ionosphere

coupling phenomena like field-aligned currents, ideal and non-ideal electric fields, power loss, etc.
This appendix is in the form of a table, that entails the magnetospheric and near-earth space

regions traversed by MMS1, Cluster-4, and THEMIS-A during 31 December 2015 and 1 January

2016. It also shows the distance of the respective spacecraft from the magnetopause. The columns

represent-

Year

Day

Time

Distance from the Bow shock

Distance from the magnetopause

o 0~ w Db E

Magnetospheric regions

MMS1
Year Day Time d BS d_M Mag regions

2015 365 00:00:30 -3.62  0.27 D_Msheath
08:00:30 -3.46 -0.12 D_Msheath

2015 365 08:01:30 -3.47 -0.13 D_Msphere
14:18:30 -11.21 -7.38 D_Msphere

2015 365 14:19:30 -11.25 -7.42 D_Psphere
15:08:30 -14.08 -10.04 D_Psphere

2015 365 15:09:30 -14.16 -10.12 N_Psphere
16:27:30 -13.53 -9.09 N_Psphere
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2015 365 16:28:30

16:42:30

2015 365 16:43:30
23:17:30
2015 365 23:18:30
23:21:30
07:47:30
08:00:30
2016 1 08:00:30
15:02:30
2016 1 15:03:30
16:22:30
2016 1 16:23:30
16:35:30
2016 1 16:36:30
23:12:30

2016 1 23:13:30
23:59:30

CLUSTER

Year Day Time
2015 365 00:00:30
2015 365 05:32:30
2015 365 05:33:30
2015 365 05:41:30
2015 365 05:42:30

2016 111:48:30
2016 111:49:30
2016 111:52:30
2016 119:30:30
2016 119:31:30
2016 1 23:59:30
THEMIS-A

Year Day Time

2015 365 00:00:00
2015 365 01:46:00
2015 365 01:47:00

-13.49
-12.87

-12.83
-4.02

-4.01
-3.98
-3.47
-3.47

-3.47
-14.13

-14.20
-13.49

-13.45
-12.93

-12.89
-4.05

-4.04
-3.60

d_BS

-11.80
-7.62
-7.61
-7.52
-7.51
-5.06
-5.07
-5.10
-12.59
-12.62
-16.20

d_BS

-18.32
-19.90
-19.92

-9.04 D_Psphere
-8.38 D_Psphere

-8.33 D_Msphere
-0.03 D_Msphere

-0.02

0.00
-0.00
-0.12

D_Msheath
D_Msheath
D_Msheath
D_Msheath

-0.12 D_Msphere

-10.09 D_Psphere

-10.17 N_Psphere
-9.04 N_Psphere

-8.99 D_Psphere
-8.42 D_Psphere

-8.37 D_Msphere
-0.03 D_Msphere

-0.02 D_Msheath
0.34 D_Msheath

d M Mag regions

-4.17 N_Msphere
0.17 N_Msphere
0.19 N_Msheath
0.27 N_Msheath
0.28 D_Msheath
0.05 D_Msheath
0.04 D_Msphere
0.00 D_Msphere
-7.37 D_Msphere
-7.39 N_Msphere
-9.99 N_Msphere

d_M Mag regions
-11.21 N_Msphere
-12.08 N_Msphere
-12.09 Plasma_Sh
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2015 365 15:45:00
2015 365 15:46:00
2015 365 18:43:00
2015 365 18:44:00
2015 365 19:49:00
2015 365 19:50:00
2015 365 20:49:00
2015 365 20:50:00

2016
2016
2016
2016
2016
2016
2016
2016
2016
2016
2016
2016
2016

101:47:00
1 01:48:00
115:42:00
1 15:43:00
118:39:00
1 18:40:00
119:46:00
119:47:00
1 20:46:00
1 20:47:00
1 21:32:00
1 21:33:00
1 23:59:00

-20.74
-20.72
-16.59
-16.56
-13.97
-13.92
-13.98
-14.01
-19.83
-19.84
-20.78
-20.76
-16.66
-16.62
-13.96
-13.91
-13.97
-14.00
-15.25
-15.28
-18.19

-13.97
-13.97
-11.47
-11.45
-10.05
-10.03
-9.61
-9.62
-11.97
-11.98
-14.02
-14.01
-11.53
-11.51
-10.06
-10.04
-9.59
-9.59
-9.86
-9.87
-11.02

Plasma_Sh
N_Msphere
N_Msphere
N_Psphere
N_Psphere
D_Psphere
D_Psphere

N_Psphere

N_Msphere
Plasma_Sh
Plasma_Sh
N_Msphere
N_Msphere
N_Psphere
N_Psphere
D_Psphere
D_Psphere

N_Psphere

N_Psphere

N_Msphere
N_Msphere
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The End

"The end of a melody is not its goal: but nonetheless, had the melody not reached
its end it would not have reached its goal either."

- Friedrich Nietzsche

(The Wanderer and His Shadow)
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