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Abstract

Space weather plays an important role in the diurnal variation of magnetosphere and iono-
sphere, hence impacts the human activities in the atmosphere and on the ground. The
solar wind accompanied by the interplanetary magnetic field (IMF) drives field-aligned cur-
rents (FACs) in space, which in turn drive geomagnetically induced electric field (GIE) and
geomagnetically induced current (GIC) on the Earth surface. The GIC may damage trans-
formers and transmission lines in power grids, railway equipment, communication cables
and pipeline networks. The ground-level GIE was assumed to originate from some simpli-
fied current sheet or line current in the literature. In this work, the relationship between
GIE on the Earth surface and the FACs during a magnetic storm will be studied. The
magnetospheric response to the solar wind during geomagnetic storms is simulated by using
an MHD model. The ionospheric response is then simulated by taking the magnetospheric
response as the boundary conditions. Finally, an FDTD method is applied to compute the
spatial and temporal distributions of GIE in terms of the current sources derived from the

ionospheric response. The distributions of GIE are simulated in three scenarios of May 2017
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storm, Halloween storm and Carrington storm, respectively, to evaluate possible hazards of

solar storms. In addition, phenomena akin to the Van Allen radiation belts are revealed in

the simulations.
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Chapter 1

Introduction

Space weather plays an important role in the diurnal variation of magnetosphere and iono-
sphere, hence impacts the human activities in the atmosphere and on the ground [1]. Power
grids and transformers on the ground are vulnerable to the geomagnetically induced electric
field (GIE) and the accompanied geomagnetically induced current (GIC). Ferocious space
weather events strongly disturb the ionosphere, wreaking impairment on communication and
navigation systems [2], [3], [4], [5]. The atmosphere may also be perturbed to interfere satel-
lite operations [6], [7]. For example, 38 Starlink satellites were lost because of a geomagnetic
storm on 4 February 2022 [1], [6]. Understanding the transient response in the ionosphere
and on the ground level in the wake of space weather change is in urgent need, considering
the heavy reliance of modern societies on electronic devices.

The solar wind and accompanied interplanetary magnetic field (IMF) drive field-aligned

currents (FACs), which in turn induce GIE and GIC on the Earth surface [8], [9]. Strong
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GIC may damage the transformer [10], power grids, transmission lines, railway equipment,
communication cables and pipeline networks [1], [11], [12].

The geomagnetic disturbance is dominated by the ionospheric currents and FACs, aug-
mented by the currents in the conducting ground [9]. The geomagnetic disturbance AB
caused by ionospheric currents and FACs, J(7'), can be represented as AB = V x A, with

a vector potential [13]

_ T( 7= ,—gk|F—7|
A(F) = 3 J()e

= 1.1
4 Jv |r — 7 v (1.1)

i
where 7 is the observer position, 7 is the position of current source, k = ,/w? —w?/c is
the electromagnetic (EM) wavenumber in plasmas, ¢ is the speed of light, w is the angular
frequency of EM waves, w, = y/4mng?/m. is the plasma frequency, n is the number density

of particles, ¢. is the elementary charge, and m, is the electron mass [14].

The electric field is given by [13]

E(F) = =VO(F) — jwA(T) (1.2)
where @ is a scalar potential accounting for the accumulated charge, which in turn depends on
the conductivity contrast between continental and ocean regions, or on inland conductivity
anomalies [9)].

Behaviors of FAC, GIE and GIC are chaotic and difficult to predict [9], [15], [16]. In [15],

predictions of geomagnetic field perturbations were made by using 14 different models and
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verified with observation at 12 different locations. The performances of these models were
evaluated with five different metrics. In [16], the performance of Space Weather Modeling
Framework (SWMF) in predicting geomagnetic field perturbations and their time rate of
change was studied. Different components of perturbations manifested different characteris-
tics and the performance varied with position.

The Earth magnetospheric response to solar wind has been studied [17], [18]. In [17], a
global magnetohydrodynamic (MHD) model was used to simulate the responses of the Earth
magnetosphere to solar wind. The dynamics of the Earth magnetosphere under steady solar
wind with northward interplanetary magnetic field (IMF) were presented. In [18], the tilt
angle of geomagnetic field and the polarity of solar wind were included in the model. In
[17] and [18], the inner boundary of computational domain is set at 3R., with R, the Earth
radius. Pushing the inner boundary closer to Earth will lead to unacceptably small time
step in MHD simulations because of the higher magnetic field and associated Alfven speed
closer to the Earth [19].

The behaviors of ionosphere can be described by applying empirical models, physical-
based models and parameterized models, respectively [20], [21], [22], [23]. The thermosphere
variations were simulated for a reference case, a storm with geomagnetic energy enhance-

ment, and a storm with both solar and geomagnetic energy enhancement by using a global
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ionosphere—thermosphere model (GITM) [20], [24]. The hydrodynamics in vertical direction
was accounted for with a vertical momentum equation. The plasma density, wind velocity
and vertical wind at altitude of 400 km were compared and analyzed.

The GIE and associated GIC at ground level were studied in the literature [25], [26]. In
[25], the frequency-domain GIE around Japan was simulated, assuming a current source flew
at 10 Earth radii and the magnetospheric plasma was ignored. In [26], the GIE around Japan
was simulated by applying a 3D finite-difference time-domain (FDTD) method. Then, the
GICs flowing in a simplified 500 kV power grid were computed by using a Lehtinen—Pirjola
method [27], [28]. A current sheet in the ionospherie was estimated from the measured
magnetic field perturbation on 27-28 May 2017, after being low-pass filtered to remove
frequency components higher than 10 mHz. Some match with the observation was found
on electric field components and GICs, while short-time fluctuations were not reproduced in
the simulations [29].

In [30], the relationship between dB/dt measured by ground-based magnetometers and
FAC of AMPERE data was analyzed. In the storm on 22 June 2015, few spikes of dB/dt
were observed before the arrival of the main pressure pulse. Most spikes were observed on
the dayside between 08h and 16h magnetic local time (MLT). In general, the FACs expand

equatorwards and the spikes move polewards. The spikes were correlated in location with the
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FACs. In the storm on 9 March 2012, most spikes were observed on the nightside between
21h and 03h MLT. A large number of spikes appeared in the region with upwards FAC.

In previous studies on GIE, the current sources inducing GIE and their waveforms were
simply assumed as a sinusoidal current sheet or line current in the literature [25], [26], [30].
The relationship between the FACs flowing in ionosphere / magnetosphere and the GIE on
the Earth surface is still elusive.

In this work, the FAC-induced GIE on the Earth surface is simulated and analyzed,
under magnetic storms comparable to four scenarios and geophysical parameters around
Japan. The magnetospheric responses to solar wind are simulated by applying an MHD
model. Then, the behavior in the ionosphere is simulated, with the boundary conditions
derived from the magnetospheric responses. The distributions of GIE are simulated by
applying an FDTD method on the current sources derived from the ionospheric simulations.

The rest of this work is organized as follows. The MHD model of solar winds is presented
in Section 2, the FDTD model for computing FAC-induced GIE is presented in Section 3,
simulations on FAC and GIE are analyzed in Section 4, and some conclusions are drawn in

Section 5.
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Chapter 2

MHD Model of Solar Winds

solar wind

_—
_

_ 5

IMF |

Z
23.59
X
v
~ ~_»ionosphere
magnetosphere

11.5°

Figure 2.1: Configuration of solar winds blowing on Earth.

Fig.2.1 shows the configuration of solar winds blowing on Earth [18]. The Earth is

centered at the origin, orbiting on the xy plane, and the sun is located in —z direction. The

Earth rotation axis, which is marked by a black arrow, tilts by 23.5° from the z axis. The

dipole axis of geomagnetic field, which is marked by a grey arrow, tilts by 11.5° from the

rotational axis. The solar wind blows into the computational domain from —z direction. A

southward IMF in December is considered, which induces the strongest FAC and disturbance
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[18].

The normalized MHD equations for modeling the solar winds are given by [18]

dp .

a%—V-(pv)—O (2'1)
%(pv) +V - (poo+pI — BB) =0 (2.2)
%—f+V-[(E+pt)v—B(v-B)] =0 (2.3)
%—f:Vx(va) (2.4)

where p is mass density, ¥ is velocity, B is magnetic field, E = e + p|t|?/2 + B%/2 is total
energy density, p is gas pressure, e = p/(y — 1) is internal energy density, v = 5/3 is the
ratio of specific heats and p; = p + B?/2 is total pressure.

The normalization factors are chosen as Ly = R, = 6371 (km), ng = 10* (1/cm?),
po = ngmg = 1.67x 1072 (g/cm?), po = 7.74x 1073 (dyn/cm?), vy = \/m = 6807 (km/s),
By = \/W = 0.312 (Gauss), to = Lo/vo = 0.936 (s) and Ty = Nopo/(2noR) = 2.8 x 10°
(K), where mg = 1.67 x 1072* (g) is the mass of a proton, R = 8.314 x 10" (erg/mol/K) and
Ny = 6.02 x 10?3 is the Avogadro number [18], [31].

The Earth ionosphere and lower magnetosphere contain low-( plasma [32]. Implementa-
tion with the full conservative formalism in (2.1)-(2.4) may arouse huge round-off error on p

if 3 =2p/|B|?> < 1. In that case, we adapt the gas dynamic conservative formalism, which
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is physically equivalent to (2.1)-(2.4), as [18], [33]

dp

19 = (25)
O () + V- (v + pI) = T x B (26)
ag:d +V - [(EM+po)=J-E (2.7)
%—fzvX(va) (2.8)

where EM = e+ p[0]?/2, J = V x B and E = —o x B. Note that the conservative quantities
[p, pU, E] are adopted in (2.1)-(2.4), while [p, pv, EM] are adopted in (2.5)-(2.8).

An in-house MATLAB code was developed to solve the MHD equations [18], [31]. The
code is based on the Godunov-type finite-volume algorithm with HLL-type Riemann solvers
and slope limiters [34]. A constrained transport method was applied to maintain the
divergence-free condition of magnetic field [35]. On the outer boundaries, inflow bound-
ary conditions are imposed at the dayside, and outflow boundary conditions are imposed
otherwise. On the inner boundary, the magnetosphere-ionosphere (MI) coupling, which af-
fects the magnetospheric convection, is adopted [17], [18].

The initial conditions in the computational domain are set as follows: The particle num-
ber density is proportional to 1/r3 and is n = 28 (1/cm?®) at » = 3R, [18], [36]. The
temperature is 7' = 1510 (K) at » = 3R.. The gas pressure at r = 3R, is determined by the

ideal gas law and is proportional to 1/r2.

doi:10.6342/NTU202500706



In 3D simulations, the geomagnetic field is represented in terms of a potential field as

137], [38]
B=—V¢ (uT) (2.9)
where
3> (5™ Sl cosnd) + I s eos®)  (210)
P () = J (= BBy — (%)mpm (211)

with the first term in (2.10) depicting a dipole field, P,(u) is Legendre function, and the
coefficients of the first few terms are ¢0 = —29,877, g1 = —1,903, g9 = —2,073, g3 = 3,045,
hi = 5,497 and h} = —2,191.

In 2D simulations, the magnetic field of a line dipole is used [39]

(2.12)

where D = —3,110 (nT) is the dipole moment. Note that the dipole moment adopted in

2D simulations is about 10 times smaller than that of the geomagnetic field, and it decays

with  more slowly than that of the geomagnetic field. The position of magnetopause in 2D

simulations is comparable to that in 3D simulations. The 2D simulations are used to mimic

the behaviors of 3D simulations on the meridian plane.
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Table 2.1: Parameters associated with solar wind.

| Case | new (1/cm®) [ v (km/s) | Tow (K) [ Bow (nT) |
steady solar wind [17], [18], [24] |5 400 2 x 10° B
May 2017 storm [40], [41] 10 400 1 x 10° 20
Halloween storm [42] 15 1,800 1 x 107 50
Carrington storm [43], [44] 40 1,800 1 x 107 65

The inflow boundary conditions on solar wind are given by [17], [18]

P = Pswy, Uz = Usw, T = Tsw; Bz = Bsw (213)

Table 2.1 lists the parameters associated with four scenarios of solar wind, including the
steady solar wind, the May 2017 storm, the Halloween storm and the Carrington storm [17],
(18], [24], [42], [40], [41], [43], [44]. The steady solar wind represents the typical values under
the normal situation [17], [18], [24]. The quasi-equilibrium state under steady solar wind is
used as the initial condition in each simulation of solar storm.

On May 27-28, 2017, an intense GIE in Japan due to geomagnetic storm was recorded [26],
[40], [41]. The associated velocity of solar wind was about 400 (km/s), and the magnitude
of IMF was about 20 (nT) [40], [41]. The particle number density and temperature of the
solar wind were not reported, but can be inferred from the parameters of similar storms.
Compared with the steady solar wind and the Halloween storm, the particle number density
and temperature of the May 2017 storm are inferred as ng, = 10 (1/cm?) and Ty, = 10°

(K), respectively.

10
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In late October 2003, three massive sunspot groups, accompanied with 17 major solar
flares, emerged on the solar surface, causing the Halloween solar storms [42], [45]. Two
high solar wind speeds were recorded at vy, ~ 1,850 km/s on October 29and vy =~ 2, 240
km/s on October 30 [42]. The proton number density increased to about 15 (1/cm?). The
temperature of the solar wind increased to about 1.25 x 107 K in the first storm, and about
5 x 10° in the second storm. The interplanetary magnetic field (IMF) was about —60 nT
on October 29 and —40 nT on October 30. The solar flare intensity was X28 (2.8 x 107
W/m?) on October 29 and X17 (1.7 x 107% W/m?) on October 30 [45].

The notorious Carrington storm [24], [43], [44], [46] is also simulated in this work. The
intensity of horizontal magnetic field of —1, 600 nT was recorded at Mumbai, India [24], [43],
[46]. The disturbance-storm time (Dst) index was estimated as —850 nT [43]. The leading
edge velocity of the interplanetary coronal mass ejection (ICME) was about 1,900 km/s [43].
The magnetic field was matched by a solar storm model with IMF of 65 nT and solar wind
density of 40 1/cm? [46], associated with solar flare intensity of X80 (8 x 1072 W /m?) [44].

On the inner boundary, the mass density, gas pressure, normal velocity component and
magnetic field are fixed at their initial values. The tangential velocity of plasma on the inner

boundary is determined via the MI coupling, which is elaborated in Section 2.1.
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2.1 Magnetosphere-Ionosphere Coupling on Inner Bound-
ary
The inner boundary for global MHD simulations is typically chosen at several R, because
of the increased magnetic field and associated Alfven speed near the Earth [19]. When the
Alfven speed increases, the time-step in MHD simulation decreases and reaches an unac-
ceptable small value around the Farth. Hence, the magnetosphere-ionosphere (MI) coupling
is implemented on the inner boundary of global MHD simulation [17], [18], [19]. The in-
terface between the ionosphere and magnetosphere follows Ohm’s law boundary condition
[19]. The ionosphere serves as a resistor, which regulates currents in the magnetosphere and

significantly affects the magnetospheric convection [17], [19].

ionosphere
magnetosphere ————
inner boundary

Figure 2.2: Schematic of magnetosphere-ionosphere coupling.

Fig.2.2 shows the schematic of magnetosphere-ionosphere (MI) coupling. Define a co-

12
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ordinate system (z,y, z), with xy plane being the plane of the ecliptic, and a coordinate
system (2',y/,2'), with 2’ aligning with the dipole axis [18]. The rotational axis tilts by
23.5° from the z axis and the dipole axis tilts by 11.5° from the rotational axis. Hence,
the coordinates (2/,v’, ') is determined by rotating (z,y, z) by 35° about the y-axis. Note
that the y/-axis aligns with the y-axis. When simulating the magnetospheric response, the
solar wind blows into the computational domain from an outer boundary at —z direction,
and the computational domain is truncated on the inner boundary. When simulating the
ionospheric response, the computational domain extends from the bottom boundary to the
inner boundary, in which the boundary at R = 1.013R, = 80 (km) is the bottom boundary
and the inner boundary is adaptive, according to the requirement of the scenarios.

The inner boundary is treated as a 2D shell, which is described by the coordinates (6, ¢),

where

/

— cos—] c
8 = cos N T (2.14)
/
¢ = sign(y’) cos ™ B — (2.15)

The field aligned current and the ionospheric potential on the bottom boundary at R = R;
are Jjq and Wy, respectively. The field aligned current and the ionospheric potential on the
inner boundary at R = R, are Jj, and ¥, respectively. In this work, R; = 1.013R. and

Ry = 3R..

13
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The magnetosphere-ionosphere (MI) coupling on the inner boundary is implemented in

five steps [18]

(1) Compute the field-aligned current (FAC) density on the inner boundary as

Ju(6,6) = (V x B) - b (2.16)
1
0.8r
. 06}
= o4l
02F
00 0..2 0j4 0..6 0j8 1
0,/

2

Figure 2.3: Relation between 6y and 6,, with (Ry, R2) = (1.013R,, 3R.) [19].

(2) (2) Map the FAC current density from the inner boundary to the bottom boundary

along the geomagnetic field line as [18], [19]

Ro\® (1+3cos?6; ">
Jya(01, ¢1) = (E) (m X J)ju (02, P2) (2.17)

where

R si 29 1/2
by —sint ()

$1 = ¢2

14
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Fig.2.3 shows the relation between 6; and 65, with (Ry, Ry) = (1.013R., 3R.). The magnetic
field lines cross ( Rz, 62, ¢2) in the northern hemisphere (62 < 7/2) intersect with the bottom
boundary at #; < 33.7°. The magnetic field lines cross in the southern hemisphere (6 > 7/2)
intersect with the bottom boundary at 6; > 146.3°.

(3) Compute the ionospheric potential W,(6;,¢1) on the bottom boundary. The iono-
spheric potential ¥ in the ionosphere varies slowly along the magnetic field lines because
the conductivity parallel to B is large [19]. Hence, the ionospheric potential W(r = R;) is

approximated as a 2D shell on the bottom boundary as [17], [18], [33]

J||d(91, ¢1) cosd = Vs . (i . Vs\lfd) (218)

where

o,/ cos?d  —op/ cosd

M
I

op/ cosd oy

is the ionospheric conductance tensor and , o, = 5 (S) and o, = 0 are the Pedersen con-
ductance and the Hall conductance, respectively, and cosd = —2cos6/v/1 + 3cos? 0 is the
angle between b and 7. Eqn.(2.18) is the Kirch-hoff’s current law. The current flowing on

the bottom boundary satisfy

[Jo, Jy]t = =% - Vgl (2.19)

and the divergence of current flowing on the r = R; shell is equal to the FAC flowing onto

15
doi:10.6342/NTU202500706



the bottom boundary.

The gradient of ionospheric potential is represented as

(2.20)

ga\pd+A 1 0¥y
r 00 rsinf 0¢

By substituting (2.20) into (2.18), (2.18) can be rewritten as

; 100, - U
J||d(91,¢1)cos5:vs.<9 gp 10V o, 0 d)

cos28 1 00 + rsinf 0¢

_ 1 la( o, laq’d)smm o, 1%_COSQ]+ 1 a< o, a\pd>

rsinf |00 \cos2dr 060 cos?2dr 00 rsinf oo \rsinf d¢
o, 0%y 0,04 0 ( 1 ) o,cos Oy o, 0%y (2.21)
~ r2cos2d 062 r2 060 00 \cos? o r2sinfcos?2d 00  r2?sin®6 0¢? '
which can be discretized as
20’;,; 4 20’;,; N _ Op \de(m—i—l)n + \de(m—l)n
r2cos?2 JAG2  r2sin® A2 2 o2 § AG?
Lo 0 ( 1 ) opcost | Wigmi1yn — Yam—1)n .
r2 00 \cos? ) r2sin 6 cos? § 2A0 r2sin? 6
\Ij mn \Ij m(n—
dmintt) + Ydm(n=1) _ J)|dmn €OS 0 (2.22)

Ag?

where W,,,, = V[(m — 0.5)A0, (n — 0.5)Ag].

(4) Map the ionospheric potential ¥, from the bottom boundary to the inner boundary

along the geomagnetic field line. The mapping is implemented as [18], [19]

Wy (02, ¢2) = Va(b1, ¢1) (2.23)
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(5) Determine the tangential velocity of plasma on the inner boundary as [18§]

Ex B
b= —_ 2.24
U= Tgp (2.24)
where
E=-VsV¥, (2.25)

2.2 Simulations of Ionosphere

After the simulations of the magnetospheric response to the solar winds reach quasi-equilibrium
states, the results are used to simulate the ionospheric response. In the simulations of iono-
sphere, the computational domain extends from the bottom boundary to the inner boundary;,
where the bottom boundary is at R = 1.013R, = R, + 80 (km). The boundary conditions
on the inner boundary are set to the results of the simulations of magnetospheric response,
and fixed boundary conditions are imposed on the bottom boundary. The initial condition
of magnetic field within the inner boundary follows (2.9) for 3D simulations, and (2.12) for
2D simulations.

The vertical distribution of particle number density and temperature is specified by the
data of International Reference Ionosphere (IRI) model [21]. Fig.2.4 shows the vertical
distribution of particle number density and temperature, respectively [21]. The particle

number density in the simulations is the summation of the number density of each kind of
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Figure 2.4: Vertical distribution of particle number density, electron temperature and ion
temperature, respectively, (a) n (1/cm?), extracted from IRI model [21], (b) blue line: T,
[21], red line: T; [21].

particles included in the IRI model. The temperature of the plasma is the average of the
electrons and ions. Note that the IRI model only available in 80 < h < 2,000 (km), where h
is the altitude. Above 2,000 (km), the particle number density is assumed to be proportional
to n oc (h/2,000)~2 (in units of km), and the temperature is the same as that at 2,000 km.
When the simulations begin, the temperature will soon be heated due to the dissipation of
magnetic field, leading to increased gas pressure and associated temperature. Although the
gas pressure is increased, the magnetic pressure is much higher than the gas pressure. Hence,

the plasma dynamics is dominated by the magnetic field, and the influence of gas pressure

is insignificant.
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Chapter 3

FAC-Induced GIE with FDTD
Method

GIE is induced by the FACs at Earth’s surface through the induction [8], [9]. In this work,
the evolution of GIE is simulated by using the FDTD method, with the currents sources
obtained from the MHD simulations in section 2.

Fig.3.1 shows the schematic of the FDTD simulations. The computational domain ex-
tends from —100 < z < 110 (km), and in the range of (25°N,125°F), (25°N,150°FE),
(50°N,125°F) and (50°N, 150°F). The 4z direction is towards the East and the +y di-
rection is towards the North. The 3D finite-difference time-domain (FDTD) method is
applied to simulate the electrodynamics of the Earth-ionosphere system [26]. Source cur-
rents, extracted from the MHD simulations, are used to excite the electric and magnetic
fields. Follow [26], the conductivities in the computational domain are divided into the air,
seawater, sediment layer and basement rock layer, with conductivity o5 = 0 (S/m), o¢, = 2.5
(S/m), ¢ = 0.01 (S/m) and ¢¢ = 0.001 (S/m), respectively. An absorption boundary con-
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Figure 3.1: Schematic of FDTD simulations. The computational domain extends from
—100 < z < 110 (km), and in the range of (25°N,125°F), (25°N, 150°E), (50°N, 125°E)
and (50°N,150°F). Source currents, extracted from the MHD simulations, are used to
excite the electric and magnetic fields. The conductivities in the computational domain are
divided into the air, seawater, sediment layer and basement rock layer, with conductivity
cf =0 (S/m), ¢ = 2.5 (S/m), ¢¢ = 0.01 (S/m) and o¢ = 0.001 (S/m), respectively. An
absorption boundary, convolutional perfect matched layer (CPML), is imposed around the
computational domain. The +x direction is towards the East and the +y direction is towards
the North.

dition, convolutional perfect matched layer (CPML), is imposed around the computational
domain [49]. Note that the FDTD method and CPML absorption boundary condition are
presented in Appendix I. The conventional FDTD method is limited by Courant-Friedrich-
Levy (CFL) condition [49]. Typical geomagnetic storm electromagnetic fields (GS-EMFs)
are characterized by ultralow frequencies, leading to large number of iterations to reach the
duration of the geomagnetic storms [50], [51]. Hence, an acceleration technique, based on

the Barycentric—Lagrange extrapolation, is proposed to acceleration the simulations.
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latitude (°N)

The FDTD algorithm starts from Maxwell’s time-domain equations [26], [49]

VxH:eaa—]tE+J (3.1)
VxE= —p%—i] (3.2)

where
J=J.+ Ji=0E+ J, (3.3)

J is the current density, o¢ is the electric conductivity, J, is the source current density, €
is the permittivity and p is the permeability. The source current density is assumed as an
uniform sheet current, which can be a superposition of sinusoidal functions or a function of

time according to observation [26].

latitude (°N)
=
&
(uyg) o

102

126 130 135 140 145 150 125 130 135 140 145 150 125 130 135 140 145 150
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(a) (b) ()

Figure 3.2: Topography of ETOPO1 global relief model from National Oceanic and Atmo-
spheric Administration National Centers for Environmental Information, sediment thickness
and averaged conductivity distribution in and around Japan [26], (a) topographic map [52],
(b) sediment thickness [53], (c) averaged conductivity distribution from the surface to 1km
beneath the ground [25].

The electrical conductivity o¢ is set according to the medium. The computational do-

21
doi:10.6342/NTU202500706



main is divided into the air, seawater, sediment layer and basement rock layer, and their
conductivity are assumed as 0, 2.5, 1072 and 1072 (S/m), respectively [26]. Fig.3.2 shows the
topographic map, sediment thickness and conductivity in and around Japan, in the range of
(25°N, 125°E), (25°N, 150°E), (50°N, 125°F) and (50°N, 150°E) [52], [53], [26]. Fig.3.2(a)
shows the topographic map corresponding to the computational domain. A deep-sea ap-
pears in the east direction of the main Japan island, and a relatively shallow sea with depth
less than 1 km appears in the west direction of it. Fig.3.2(b) shows the sediment thickness
corresponding to the computational domain. In general, the sediment layer has thickness of
0.2-0.4 km, except for some anomalies.

Fig.3.2(c) shows the averaged conductivity distribution from the surface to 1km beneath
the ground [25]. The conductivity of a grid is the averaged by the conductivities in different
medium if more than one type of medium appear in the grid. The conductivity at the grid

[m,n, (] is averaged as

dwmn dsmn drmn
: “ot S0t “ot (3.4)

Omne = Ow +

dmné

where d,,, ds; and d, are the thicknesses of the seawater, sediment layer and basement rock

layer, respectively, included in the grid and d is the depth of the mesh.
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Chapter 4

Results and Discussions

4.1 Simulations with 2D-MHD Model

@
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Figure 4.1: Distributions of plasma variables, magnetic field and current density of magne-
tosphere around the Earth at ¢ = 800 (¢t = 750 s), (a) n, (b) p, (c) v, (d) B, (e) J,. The
streamlines in (c) and (d) represent the direction of plasma flow and magnetic field lines,

respectively. Note that the prime notation represents the normalized variable.
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Fig.4.1 shows the distributions of plasma variables, magnetic field and current density
of magnetosphere around the Earth at ¢ = 800 (¢ = 750 s). At ¢’ = 800 (t = 750 s),
the simulation of steady solar wind reaches a quasi-equilibrium state. The steady solar
wind, with a southward IMF, blows into the computational domain from —z boundary. The
particle number density accumulates at the dayside to form a high-pressure bow shock at
r ~ —15R,, with n ~ 20 (1/cm?®) and p ~ 1 (nT). Some plasmas flow out from the inner
boundary at the north and south poles. The geomagnetic field on the dayside is compressed
by the solar wind, and some of the magnetic field lines reconnect. A strong current density
is induced around the bow shock.

Fig.4.2 shows the distributions of plasma variables, magnetic field and current density
of magnetosphere around the Earth under Carrington storm. In this case, the altitude of
the inner boundary is decreased to R = 1.013R., namely, the simulations of magnetosphere
and ionosphere are merged to one simulation. Fig.4.2(a) shows that at the dayside, the solar
wind with high particle number density blows towards the Earth, with n = 40 (1/cm?).
The bow shock is compressed, compared with that under steady solar wind, as in Fig.4.1(a).
Fig.4.2(b) shows that the gas pressure increases to about 100 (nPa) on the bow shock due
to intense solar wind. Fig.4.2(c) shows the velocity of plasma flow. The speed of the solar

wind is 1,800 (km/s), and the speed around the Earth is much slower than that of the solar
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Figure 4.2: Distributions of plasma variables, magnetic field and current density of magne-

tosphere around the Earth under Carrington storm, (a) n, (b) p, (¢) v, (d) B, (e) J,. The

streamlines in (c¢) and (d) represent the direction of plasma flow and magnetic field lines,
respectively.

wind. Fig.4.2(d) shows the distribution of magnetic field. The magnetopause is compressed
along with the bow shock, and a magnetotail is formed at the nightside. Fig.4.2(e) shows the
distribution of the current density. The current flowing around the bow shock is observed,
and the magnitude is increases significantly to about 0.5 (uA/m?).

Fig.4.3 shows the comparison of the current density distributions in magnetosphere under

steady solar wind, 2017 storm, Halloween storm and Carrington storm. Fig.4.3(a) shows the

25
doi:10.6342/NTU202500706



distribution of current density distribution under steady solar wind. The magnitude of the
current density is about 0.01 (uA/m?) at the dayside. Fig.4.3(b) shows that under the May
2017 storm, the magnitude of the current density increases to about 0.03 (A /m?), which
is marked by the red arrow. The geomagnetic field is further compressed at the dayside to
induce current density, which is encircled by the red contour. Fig.4.3(c) shows that under
the Halloween storm, the bow shock is compressed significantly, and the magnitude of the
bow shock is increases to about 0.5 (uA/m?). Fig.4.3(d) shows that under the Carrington
storm, the current density is further enhanced, and the location with high current density
becomes further closer to the Earth.

Fig.4.4 shows the distribution of plasma variables, magnetic field and current density,
respectively, under steady solar wind within 3R, at ' = 80 (¢t = 75 s). Fig.4.4(a) shows
that the particle number density is higher around the Earth, and decreases outwards, as
in Fig.2.4(a). Mild perturbation is observed in the ionosphere. Fig.4.4(b) shows that the
gas pressure is high around the Earth. In addition, the distribution of gas pressure towards
equatorward is heated to have higher gas pressure. The detail of gas pressure will be discussed
in Fig.4.5. Fig.4.4(c) shows the distribution of plasma flow. In general, the magnitude of
the velocity is |0 ~ 50 (km/s), and the direction of plasma flow is along the magnetic

field lines. The velocity around the inner boundary (3R.) is larger because the plasma is
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affected by the plasma with higher gas pressure in the magnetosphere, as marked by the red
arrow. The distributions of plasma variables in the magnetosphere are presented in Fig.4.1.
Fig.4.4(d) shows the magnitude of total magnetic field and the magnetic field lines. No
significant change is observed on the total magnetic field. Fig.4.4(e) shows the perturbation
of magnetic field B, = B — B., where B, is the geomagnetic field. The distribution of
magnetic field lines manifest two loops at the dayside and nightside, respectively, which are
marked by the red contours. The perturbation of magnetic field |B;] is about 2-3 orders
smaller than the magnitude of total magnetic field |B|. Fig.4.4(f) shows the distribution of
current density J,. In general, the distribution of J, is highly correlated to the magnetic
field lines. The current density at lower ionosphere is relatively larger, and that at high
altitude is more significant at the equatorial direction. The magnitude of the current density
is about 0.01 (zA/m?), with a maximum of about 0.09 (uA/m?), which is well fitted with
the measured data in the range of +0.1 (uA/m?) [48].

Fig.4.5 shows the distribution of gas pressure under steady solar wind within 3R,.. At
t = 0, the plasma in the ionosphere satisfies the conditions in Fig.2.4. The particle number
density decreases drastically with the altitude, and the temperature increases mildly with

the altitude. The plasma satisfies the ideal gas law as

p
= RT 41
D= Nopm, (4.1)
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where Ny = 6.02 x 10?3 is the Avogadro’s number, m,, is the proton mass, R = 8.314 x 107
(erg/mol/K) and u = 0.5 is the average particle weight, which assumes all the ions are
hydrogen ions. A ring with high gas pressure appears around the Earth because the particle
number density decreases significantly outwards. At t' = 80 (¢ = 75 s), the distribution of
gas pressure towards equatorward is heated due to the dissipation of magnetic energy to
have higher gas pressure. The heated region corresponds to the region with higher current
density. At higher altitude, the particle number density is low, leading to significant heating.

Fig.4.6 shows the distribution of plasma variables, magnetic field and current density,
respectively, under Carrington storm around the Earth. Fig.4.6(a) shows that the particle
number density remains in the lower ionosphere, while large perturbations appear at higher
altitude. Fig.4.6(b) shows that the gas pressure is further heated in the ionosphere, and the
gas pressure is higher at the equatorial direction, as marked by the white contours. The
large structure is similar to the magnetic field lines. Fig.4.6(c) shows that the magnitude of
the velocity is increased. The direction of plasma flow manifest turbulent, while the large
structure is similar to the magnetic field lines. Fig.4.6(d) and (e) show that the magnitude
of total magnetic field and the magnetic field lines manifest no significant change, while the
perturbation of magnetic field B; is enhanced. The magnitude of |B;| is much smaller than

that of |B|. The loop structure, observed under steady solar wind, is significantly disturbed
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during the Halloween storm. Fig.4.6(f) shows that the magnitude of current density J,
increases to about 0.1 (zA/m?). The distribution of J, is in general along the magnetic field
lines. Compared with Fig.4.4(f), the current density under steady solar wind concentrates
at lower latitude and lower altitude, and that under Carrington storm extends to higher
latitude and higher altitude.

Fig.4.7 shows the comparison of current density distributions in ionosphere under steady
solar wind, 2017 storm, Halloween storm and Carrington storm, respectively. Fig.4.7(a)
shows that under the steady solar wind, the maximum of the current density is about 0.1
(tA/m?). The current concentrates at equatorial direction. Fig.4.7(b) shows that under
the May 2017 storm, the maximum of the current density increases to about 0.5 (uA/m?).
The current density at lower ionosphere increases significantly, and that at the dayside is
stronger than that at the nightside, as encircled by the red contour. Fig.4.7(c) shows that
under the Halloween storm, the maximum of |.J,| increases to about 1 (#A/m?). The current
density in the ionosphere is enhanced. The current density around the north and south
poles is enhanced because the plasma flows towards the Earth along the magnetic field lines.
Fig.4.7(d) shows that under the Carrington storm, the maximum of the current density
increases to about 1.5 (uA/m?). In this case, the current density flowing in the ionosphere

is significantly enhanced.
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Phenomena akin to the Van Allen radiation belts are revealed in the simulations. The
Van Allen radiation belts, consisting of an inner and an outer belts, trap relativistic, non-
thermal electrons and protons due to the Earth’s magnetic field [54]. Typically, the inner
belt extends from an altitude of 0.2R.-2R., and the outer belt extends from an altitude of
3R.-10R, [55]. Under strong solar activities, the locations of the belts may decline towards
the Earth’s surface.

Fig.4.8 shows the distributions of current density in the magnetosphere and ionosphere
under steady solar wind and Carrington storm, respectively. Fig.4.8(a) shows that two
belts appear in the magnetosphere, marked by two red arrows. The belt at the dayside
concentrates at around 5R., and that at the nightside extends from 3R.-10R., which are
akin to the outer Van Allen radiation belt. Fig.4.8(b) shows that in the ionosphere, two belts,
marked by two red arrows, appear at the dayside and nightside, respectively, and extend from
the vicinity of the Earth to about 2R,., which are akin to the inner Van Allen radiation belt.
Fig.4.8(c) shows that under the Carrington storm, the strong solar wind compresses the bow
shock towards the Earth, and the outer belt moves to about 3R.. The inner belt is pushed
towards the Earth’s surface. Note that in the MHD simulations, the particle number density,
kinetic energy and current density contain the thermal and non-thermal particles [56], [57].

The behaviors of relativistic, non-thermal particles of the Van-Allen radiation belts may be
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investigated if some observable physical quantities, such as radiation intensity and spectrum,

are available.

4.2 GIE Induced by Current Sheet Obtained from the
MHD Simulations

In the simulations of GIE, the current densities, derived from the global MHD simulations, at
altitude of A = 100 (km) are recorded and interpolated as the current sources that inducing
GIE at the Earth’s surface. For an electromagnetic (EM) wave propagating in a plasma, the

dispersion relation is given by [14]

k* = L (4.2)

where £ is the wavenumber of the EM wave, w, = \/m is the plasma frequency, c is
the speed of light, g. is the elementary charge and m, is the mass of an electron. The wave
number k& will be a complex number if w < w,. Typical geomagnetic storm electromagnetic
fields (GS-EMFs) are characterized by ultralow frequencies, hence the wavenumber k& will
be a complex number, namely, the ionosphere is a lossy medium for the EM wave. For
n=10% (1/cm?3) and f = 30 (mHz), the complex wavenumber k& = —55.95 x 1073 (rad/m),
which corresponds to the skin depth of § = 169 (m) [13]. For n = 10* (1/cm?) and f = 30
(mHz), the complex wavenumber k = —351.88 x 1072 (rad/m), which corresponds to the skin

depth of § = 53 (m). For n = 10° (1/cm?®) and f = 30 (mHz), the complex wavenumber
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k= —75.95x 1072 (rad/m), which corresponds to the skin depth of § = 16.9 (m). The data
of topography, sediment thickness and conductivity distribution in and around Japan are
applied in the simulations [25], [26], [52], [53].

Fig.4.9 shows the current densities, extracted from the global MHD simulations. Fig.4.9(a)
shows the current densities at geographic latitude of 40° N. The magnitude of the current
density during the May 2017 storm is about 0.15 (A /m?). The magnitude of the current
density during the Halloween storm is about 0.3 (uA/m?) at the dayside and 0.2 (uA/m?)
at the nightside. The current densities under the May 2017 storm and the Halloween storm
manifest periodic features, with the period of about 30 (s). For the Carrington storm, the
current density at the dayside reaches about 1 (uA/m?) at ¢t ~ 5 (s), then oscillates between
+0.5 (1A /m?). The periodic features with the period of about 30 (s) is also observed. The
current density at the nightside is about 0.5 (uA/m?).

Fig.4.9(b) shows the distributions of .J, at h ~ 80 (km) under different storms. The cur-
rent density under the May 2017 storm manifest slight variations between 0 < cos™ z/r <
37 /2. The magnitude increases to about 0.2 (uA/m?) between 37 /2 < cos™* z/r < 27, cor-
responding to the north hemisphere at the dayside. The current density under the Halloween
storm manifest a periodic like variation, with a magnitude of about 0.4 (zA/m?). Under the

Carrington storm, the magnitude of the current density is the largest, with the magnitude
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of about 0.6 (A /m?).

Fig.4.10 shows the distribution of electric field and magnetic field during the Halloween
storm at the dayside at z = 0 and ¢t = 50 (s) with ¢ = 500. The selected time ¢t = 20 (s)
corresponds to the maximum magnitude of current density, as in Fig.4.9(a). Figs.4.10(a)-
(c) show the distribution of electric fields. The magnitude of electric field on the ground
is about 10 (mV/km). In general, the electric field on the ground is larger than that on
the seawater, because the conductivity on the ground is smaller than that of the seawater.
Strong electric field is observed along the coast lines because the charge accumulates around
there, where large gradient of conductivity appears. The electric field is dominated by the
horizontal components, E, and E,. The vertical component of electric field E, manifests
similar features, with stronger electric field along the coast lines, while its magnitude is
smaller than those of £, and E,. Figs.4.10(d)-(f) show the distribution of magnetic field
components. The magnitude of the magnetic field is about 300 (xA/m), and is dominated
by the horizontal components, H, and H,. The magnetic field on the seawater is larger than
that on the ground because the current induced by electromagnetic waves on the seawater
is stronger than on the ground. The distribution of the vertical component of magnetic field
H, manifest similar feature to that of F,, which is stronger along the coast line.

Fig.4.11 shows the distribution of electric field under May 2017 storm, Halloween storm
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and Carrington storm, respectively, at the dayside and nightside. The presented snapshots
correspond to the maximum magnitudes, as in Fig.4.9(a). Fig.4.11(a) and (d) show that
under the May 2017 storm, the magnitude of GIE at the dayside is about 3 (mV/km)
around the coast lines, and about 1 order smaller at the inland region. For the nightside,
the difference between coast line and inland becomes smaller, except the coast line at the
northwest direction of Sea of Japan, as encircled by a red contour, implying the accumulations
of charges.

Fig.4.11(b) and (e) show that under the Halloween storm, several coast line regions
manifest large GIE, as encircled by red contours, with magnitude of about 15 (mV /km). The
magnitude of GIE at inland region increases to about 2-3 (mV /km), which is comparable to
the GIE along the coast line under May 2017 storm. The distributions at the dayside and
nightside are similar, with smaller magnitude at the nightside.

Fig.4.11(c) and (f) show that under the Carrington storm, the magnitude of the GIE
increases to about 20 (mV/km). The large GIE along the coast lines extends significantly.
Some inland regions, which does not confront strong GIE under other storms, manifest strong
GIE under the Carrington storm, as marked by the white contours. The distributions at the

dayside and nightside are similar, with smaller magnitude at the nightside.
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Figure 4.3: Comparison of current density distributions in magnetosphere under steady solar

wind, 2017 storm, Halloween storm and Carrington storm, respectively, (a) steady solar wind,
(b) May 2017 storm, (c) Halloween storm, (d) Carrington storm.
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Figure 4.6: Distribution of plasma variables, magnetic field and current density, respectively,
under Carrington storm around the Earth, (a) n, (b) p, (¢) v, (d) B, (e) Bi, (f) J,. The
streamlines in (c) represents the direction of plasma flows, and those in (d) and (e) represents
the magnetic field lines of B and B, respectively. The white contours manifest the inner
boundaries.
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Figure 4.7: Comparison of current density distributions in ionosphere under steady solar
wind, 2017 storm, Halloween storm and Carrington storm, respectively, (a) steady solar

wind, (b) May 2017 storm, (c) Halloween storm, (d) Carrington storm. The white contours
manifest the inner boundaries.
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Figure 4.8: Distributions of current density in the magnetosphere and ionosphere under
steady solar wind and Carrington storm, (a) magnetosphere under steady solar wind, (b)
ionosphere under steady solar wind, (c) ionosphere under Carrington storm.
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Figure 4.9: Current densities extracted from the global MHD simulations; (a) current density
at geographic latitude of 40° N, solid line: dayside, dashed line: nightside, (b) distribution of
Jy at h >~ 80 (km). blue: May 2017 storm, red: Halloween storm, green: Carrington storm.
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Figure 4.10: Distribution of electric field and magnetic field during Halloween storm at the
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direction of electric field lines, (c¢) E., (d) H,, (e) Hy, (f) H..
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Figure 4.11: Distribution of electric field under May 2017 storm, Halloween storm and
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(b) Halloween storm at dayside, (c¢) Carrington storm at dayside, (d) May 2017 storm at
nightside, (e) Halloween storm at nightside, (f) Carrington storm at nightside. The presented
snapshots correspond to the maximum magnitudes, as in Fig.4.9(a).
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Chapter 5

Conclusions

The GIEs, under May 2017 storm, Halloween storm and Carrington storm, at the dayside and
nightside, respectively, have been simulated. The magnetospheric and ionospheric responses
are simulated by using the global MHD model. Then, the GIE are simulated, with the current
sources obtained from the global MHD simulations. The GIEs under three solar storms are
quantitatively estimated to evaluate possible hazards of solar storms. Phenomena akin to
the Van Allen radiation belts are revealed in the simulations. In the magnetosphere, the
bow shock is highly compressed towards the Earth, with extremely high particle number
density, and the current density is enhanced around the Earth when the solar storms arrives
at the Earth. In the ionosphere, the perturbation of magnetic field is much smaller than the
geomagnetic field. Under the Halloween and Carrington storms, the current density flowing
in the ionosphere is significantly enhanced because the magnetopause is highly compressed

and the strong solar wind directly affects the plasma at the vicinity of the Earth. On the
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Earth’s surface, the magnitude of GIE at the dayside is about 3 (mV /km) around the coast
lines, and about 1 order smaller at the inland region under the May 2017 storm. Large GIE
is induced at the northwest direction of Sea of Japan. Under the Halloween storm, several
coast line regions manifest large GIE with magnitude of about 10 (mV /km). The magnitude
of GIE at inland region is also increased to about 2-3 (mV/km). Under the Carrington
storm, the magnitude of the GIE increases to about 20 (mV/km). Some inland regions,
which does not confront strong GIE under other storms, manifest strong GIE under the

Carrington storm.
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