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ABSTRACT 

Large-scale Coupled Models of the Inner Magnetosphere 

 

by 

Shanshan Bao 

In magnetospheric physics nowadays, the pursuit of realistic numerical simulation 

of the inner magnetospheric physics of plasma transport, ring current formation and 

storm-triggered Earth electromagnetic field changes is an ongoing challenge. To this end, 

we have implemented a large-scale coupled scheme of the Lyon-Fedder-Mobarry (LFM) 

global magnetohydrodynamic (MHD) model with the Rice convection model - 

equilibrium (RCM-E), the ring current model coupled with a magneto-friction (MF) 

solver, called LFM-RCM-E. The purpose of the one-way coupling scheme is to allow the 

RCM-E to continuously update its boundary conditions from the LFM while preserving 

entropy conservation. It enables a high-resolution self-consistent ring current model with 

realistic time-dependent outer-magnetospheric magnetic field configurations. Compared 

with the prior LFM-RCM, the LFM-RCM-E resolves the issue of a restricted simulation 

region due to a plasma - β constraint that is used to ensure numerical stability. By 

introducing the MF equilibrium solver, the RCM simulation region expands father out 

into the plasma sheet where the storm-time plasma transportation takes place. In the 

ionosphere, the RCM-E replaces the ionospheric electric field solver (MIX) of LFM with 

the one used by the RCM. The electric potential produced, along with the realistic 



 
 

ionospheric precipitation patterns shows strong consistency with the plasma motion 

featured with well resolved bubbles and bursty bulk flows.  

This thesis gives detailed descriptions of the coupling scheme of the model in 

Chapter 3. A test case of the model is shown in Chapter 4, where results of an idealized 

event simulation will be presented and discussed. Apart from an idealized event, a robust 

model should be able to simulate realistic severe space weather events. Chapter 5 

presents its application in simulating a real event, the June 1st 2013 storm. The model is 

run with large solar wind ram pressure and tilted solar wind directions that impact the 

Earth magnetospheric system on the dayside. A routine of adaptive boundary decision is 

implemented to ensure a valid RCM simulation region and thus enhances the robustness 

of the model. Model - data comparisons are conducted, in terms of Dst index, plasma 

pressure and magnetic field, with Van Allen Probes data. The coupled scheme of LFM-

RCM-E is applicable to other global MHD models.  

Chapter 6 presents the work of a collaborative project with the National Center 

for Atmospheric Research (NCAR), which is the implementation of a new branch of a 

coupled MHD code with the aim studying sub-aurora polarization streams (SAPS). Since 

the RCM ionospheric precipitations are a significant source of diffuse aurora and are 

responsible for the dynamic change of ionospheric conductivity, feedback channels from 

RCM to the Coupled Magnetosphere-Ionosphere-Thermosphere model (CMIT) have 

been established. The fully coupled LFM-RCM-TIEGCM, a.k.a., CMIT-RCM system 

will be an ideal tool to simulate and analyze SAPS phenomenon comprehensively. The 

electron average energy has always been underestimated by RCM due to a naïve cold 

plasmasphere model. Chapter 7 presents the work of integrating a more sophisticated 



 
 

plasmasphere model, modified from the global core plasma model (GCPM), into LFM-

RCM-TIEGCM. The geometry of the plasmasphere depends on a measure of the 

geomagnetic activity, the Kp-index. A set of controlled experiments shows a substantial 

increase in the electron average energy and energy flux with the new plasmasphere 

model. 
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Introduction 

Thanks to the Earth’s magnetic field, life can live long and prosper. The Sun we 

live with is a G-type main-sequence star, that converts hydrogen to helium by nuclear 

fusion in its core. A part of the produced energy is transported outward through its 

photosphere and atmosphere in form of radiation and heat that ends up in the solar wind. 

The hot plasma (1,000,000 ~ 2,000,000 K on average) leaves the coronal region and 

carries the magnetic field that is believed to be generated by the internal convection 

called the dynamo process (Charbonneau, 2014; Erdélyi & Ballai, 2007). When this 

supersonic stream of energetic electrons and ions (mostly protons and alpha particles) 

reaches the Earth, the Earth’s magnetic field deflects the flow like a shield and the dipole-

like field is deformed to have a bow shock facing the solar wind and an elongated tail 

dragged by the stream. The cavity carved out around the Earth is known as the 

magnetosphere. Energetic particles cannot penetrate the magnetosphere to bombard the 

Earth – they either leave with the solar wind flow, or, get trapped in the Earth’s magnetic 



 
2 

 

field. Some of the of particles travel along the Earth’s magnetic field that connects to the 

northern and southern magnetic polar regions and collide with the constituents of 

atmosphere resulting ionization and excitation. The energy is then released in the form of 

light with certain wavelength through de-excitation and the phenomenon is called 

“aurora”.  

Unlike our neighboring planet Mars, the Earth’s magnetosphere protects the 

atmosphere from being ionized and peeled off and makes it possible for life to form 

(Acuna et al., 1998; Dong et al., 2015). However, modern human society can be 

extensively affected by the solar activity. Disturbances of the Sun, such as coronal mass 

ejections (CMEs), associated with solar flares could cause geomagnetic storms when the 

outburst reaches the Earth. During a solar storm, unusual ionospheric currents and 

ionizations can cause radio wave disturbance and interruption of wireless 

communications. Global Positioning Systems (GPS) are significantly impacted by the 

total electron content (TEC) gradients (Acuna et al., 1998); energetic particles bombard 

electronic devices on the satellites, charge the surface of spacecraft causing drag effect 

(Choi et al., 2011); strong radiation is a hazard to people’s health when traveling in 

aircraft in the polar region (Tobiska et al., 2015); geomagnetic field disturbance could 

disrupt magnetic prospecting and induce strong electrical currents that cause severe 

damage on electrical power grids on the ground (Allen et al., 1989; Cannon, 2013).  

The area of study known as space physics, consists of solar and heliospheric 

physics, magnetospheric physics and aeronomy. It aims to understand the physics of the 

plasma in geo-space and the solar system, in order to acquire fundamental understanding 

of the physical processes that impact the space weather. Ground and satellite-based 



 
3 

 

observations help to monitor the space weather condition. Analytical and numerical 

models that cover different domains have been developed and tested with the 

observations. The availability of modern computer technology allows the development of 

computational space physics through high resolution numerical simulations of space 

event performed on supercomputers. Each of the models represent in each domain where 

certain physical process plays a major role. Coupling schemes and algorithms of chosen 

models have been designed to fulfill the needs of systematic understanding of space 

weather phenomenon and a complete description of the interaction of heliosphere, solar 

wind, magnetosphere and ionosphere. The research work of this thesis mainly focuses on 

the coupling of a solar-wind-driven global magnetosphere model to a self-consistent ring 

current model with magnetosphere-ionosphere (M-I) coupling routine embedded. 

Another part of the work implementing a communication channel of the ionospheric 

precipitations in a fully coupled magnetosphere-ionosphere-thermosphere (M-I-T) 

modeling system. A background overview is given in this chapter. 

1.1. Solar Wind and Interplanetary Magnetic Field 

The corona of the Sun is the origin of solar wind, where the extremely hot 

temperature, exceeding 1,000,000 K. The cause of this hot coronal temperature still 

remains a mystery (Erdélyi & Ballai, 2007). With such thermal energy, plasma stream 

consisting of electrons, protons and alpha particles can overcome the gravity of the Sun 

and escape from the upper atmosphere to the interplanetary space. These plasma wind 

may have different thermal and kinetic energy, but mostly their speed is supersonic 
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ranging from 400 km/s to 750 km/s when observed near the Earth (McComas et al., 

2003). The ram pressure of the solar wind is given by  

   (1) 
where  is the proton mass, 1.6726´10-27 kg, is the proton density, is the solar 

wind speed. Since the plasma has the “frozen-in” property according to the ideal Ohm’s 

law, the coronal magnetic field is carried away by the solar wind and become the 

interplanetary magnetic field (IMF).  

Although the magnetic fields become “interplanetary”, they still connect to the 

Sun and the solar wind plasma is regarded as an extension of the atmosphere. The region 

that is filled with solar wind plasma is called heliosphere. Figure 1.2 (a) gives a 

simplified description of the heliomagnetic equator, above/below which is the IMF 

directing outward/inward and the perpendicular direction of the heliomagnetic equator 

does not happen to align with the rotation axis of the Sun (McComas et al., 2003). Since a 

flux emitted from a fixed point on the rotating surface forms a Archimedean spiral 

P = mp ⋅np ⋅v
2

mp np v

Figure 1.1 Atmosphere of the Sun. Credit: NASA 
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trajectory (Hundhausen, 1995) (Figure 1.2 (b)), the magnetic field line moving with the 

plasma will also twists like a spiral, called the Parker spiral (Parker, 1958). The two 

effects combine so that the heliomagnetic field turns into a wavy ballerina’s skirt 

(Rosenberg & Coleman, 1969) and form a current sheet between the inward and outward 

heliomagnetic field (Figure 1.2 (c)).  

(a) (b) 

(c) 

Figure 1.2 (a) An idealized presentation of the streamer belt and the conronal 
magnetic field (McComas et al., 2003). (b) A top view of the magnetic field in a 
spiral shape originating from the rotating surface of the Sun (Hundhausen, 1995). 
(c) Heliospheric current sheet. Credit: Werner Heil 

 . 
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The speed of the streams originating from different locations on the Sun may 

differ a lot. The stream which comes from a coronal hole has a higher speed than from 

the other region. As the Sun rotates, the high-speed stream will catch up with the slower-

speed stream causing compression or even a shock region in between. These regions are 

called “corotating interaction regions” (CIRs), at which the plasma and magnetic field 

density is larger than its surroundings.      

When the wavy solar wind plasma sweeps past the Earth while the Sun is rotating 

and the Earth is orbiting around it, the orientation of the IMF with respect to the Earth is 

changing, quite often, with some periodic pattern. Richard Christopher Carrington first 

defined this period at 1863 and the so-called Carrington cycle is about 27.2753 days. 

During periods of southward IMF, the Earth’s magnetic field, which points northward, 

will interact with the southward component of the IMF and trigger magnetic 

reconnection, which will be discussed in the later sections.   

Figure 1.3 Images of the May 1, 2013 CME event. Credit: NASA/ESA 
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The solar wind is not always a steady plasma stream in a spiral shape. At times of 

CMEs, high-speed plasma bursts erupt from the Sun. Dense coronal content along with a 

large amount magnetic energy is released to the interplanetary medium causing shock 

waves in the tenuous heliospheric plasma. Figure 1.3 gives an example of a CME event 

on March 01, 2013 - the left image is captured by NASA’s Solar Dynamics Observatory 

(SDO) and center and right ones are by Solar and Heliospheric Observatory (SOHO) 

through their coronagraph instruments. The shock wave of dense plasma with large ram 

pressure impacts the Earth’s magnetosphere and leads to a geomagnetic storm, which will 

be discussed in detail in later sections.  

1.2. The Earth’s Magnetosphere Overview 

If the solar wind did not exist, the Earth’s magnetic field would resemble a 

magnetic dipole. In reality, the geomagnetic field deflects the plasma flow and gets 

distorted. It also interacts with the IMF, e.g., connecting to the IMF at some locations in 

some cases. In general, the region dominated by the Earth’s magnetic field is called the 

magnetosphere. It has certain structure and related magnetospheric dynamics as a 

response to solar wind, which will be introduced in this section. 

1.2.1. Structure of the Magnetosphere 

Figure 1.4 shows a schematic diagram of the Earth’s Magnetosphere (Weiss et al., 

1992). When the solar wind propagates to field the Earth at 1AU (1.496´108 km), its 

velocity is still supersonic. A shock wave forms when the solar wind impacts the 

geomagnetic field, called the bow shock. When the solar wind plasma has passed through 
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the bow shock, it forms the magnetosheath, where the plasma flow becomes subsonic. It 

is a cushion area between the solar wind and the geomagnetic field, with much higher 

plasma temperature and density as the kinetic energy of the solar wind plasma has been 

thermalized and volume compressed. Inside the magnetosheath is the boundary of the 

magnetosphere, called the magnetopause. It is the place that the magnetic field direction 

has a distinct change from the IMF to the geomagnetic field. The interaction with the 

solar wind pulls the geomagnetic field lines on the nightside of the Earth into a long 

magnetotail. There are two magnetotail lobes with little plasma content above (the 

northern) and below (the southern) the central plasma sheet. The plasma sheet is filled 

with hot plasma particles with energy in range of keV and the magnetic field in this 

region has closed field line that extends to 20 ~ 30 Earth radii (1 RE = 6.371´103 km). At 

the central region of the plasma sheet, the magnetic fields have opposite directions, 

Figure 1.4 A schematic diagram of the Earth’s Magnetosphere (Weiss et al., 1992) 
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resulting a small field strength, thus named as neutral sheet or neutral current sheet.  

Figure 1.5 shows the plasmasphere (in blue) in the innermost region of the Earth’s 

magnetosphere. It consists of relatively cold dense plasma, with particle energy around 

1eV. These particles are trapped by the dipole-like magnetic field lines and the size of the 

region is subjected to change for different space weather condition, typically ranging 

from 4 RE to 8 RE in radius. The outer boundary of the plasmasphere is the plasmapause, 

where there is a sharp decrease in density. The two belt-like regions (in red) are called 

inner and outer radiation belts or Van Allen belts. They have less density than the 

plasmasphere but the charged particles there are much more energetic (100 keV ~ 10 

MeV). The highly energetic charged particles, mostly electrons and protons, are doing 

gyro-motion, bounce motion and drift motion and interact with the plasma waves in the 

radiation belt and produce particle precipitation as a result. The particle dynamics will be 

introduced in the next section.   

Figure 1.5 Plasmasphere (in blue) and inner and outer radiation belts (in red). 
Credit: C. Carreau, ESA 
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1.2.2. Particle Dynamics in the Magnetosphere 

The plasma consists of charged particles, such as electron, proton, alpha particle, 

oxygen ion. As they move in an electromagnetic field, the equation of motion is simply 

 
  (2)  

The momentum is 

 
  (3) 

The velocity of the charged particle can be relativistic, where g is defined as 

 
  (4)  

 is the speed of light. g is consider to be 1 in the non-relativistic case in later 

derivation.  Suppose there is no electric field, the velocity parallel to  is , which is 

constant in time. In the plane that perpendicular to , the particle performs a gyro-

motion under the Lorentz force, clockwise for electron and anti-clockwise for positive 

ions (Figure 1.6 (a)). The gyro-frequency of election is about 5000Hz, 3Hz for proton and 

0.2Hz for oxygen ion at ~ 10 RE in the magnetosphere. 

 
 (5) 

The gyro-radius is given by 

 
 (6) 

where  is the velocity of gyro-motion perpendicular to . 

dp
dt

= q E+ v ×B( )

p = γ mv

γ = 1

1− v
c

⎛
⎝⎜

⎞
⎠⎟

2

c

B v||

B

ω g =
qB
m
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Combined with the motion parallel to the field line, the particle motion has a 

helical trajectory as shown in Figure 1.6 (b). It has a pitch angle  that is defined as the 

angle between  and , 

 
  (7)  

It can be proved that the magnetic moment, which is the defined as the cross 

product of the current in the circuit and the area of the loop, is an adiabatic invariant. 

 
  (8) 

is the unit vector in the direction of the magnetic field. This means,  remains 

the same when the magnetic field has a gradual change spatially or temporally. It is 

known as the first adiabatic invariant.   

α

v B

α = arctan
v⊥
v||

⎛

⎝
⎜

⎞

⎠
⎟

mg = I ×A =
qω g

2π
⋅πrg

2(−b̂) = −
mv⊥

2

2B
b̂

b̂ mg

Figure 1.6 The gyro-motion of charged particles in magnetic field. 
The grey arrow is the magnetic field line and the black line is the 
particle trajectory (Piel, 2017). 
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In the inner magnetosphere, the geomagnetic field is dipole-like with smaller field 

strength near the equator, say  , larger near the poles, say . As a consequence of the 

first adiabatic invariant, a magnetic mirroring effect traps a portion of the particles in the 

geomagnetic field lines. It can be shown by the conservation of kinetic energy that, for 

fixed  and , the particles with pitch angle smaller than  escape from the magnetic 

field  and precipitate into the atmosphere, wheras the particles with pitch angle larger 

than  are mirrored back and is given by    

 
 (9) 

B0 B1

B0 B1 θm

B1

θm θm

B0
B1

= sin2 θm( )

Figure 1.7 The weak-to-strong magnetic field and 
the correspondent loss cone in velocity space. 
Credit: Peter Gallagher, Trinity College Dublin 
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In the velocity space, the particles that escape the weak-to-strong field fall within 

the loss cone, as shown in Figure 1.7. In the geomagnetic field, where there are strong 

fields at the two magnetic poles, as a result, the particles outside the loss cone bounce 

back and forth between the poles while doing gyro-motion.  

The bounce motion then induces a third type of motion, the drift motion. When a 

charged particle moves in a magnetic field, the drift velocity caused by an external force 

is 

 
 (10) 

Since the geomagnetic field changes in time according to the solar wind 

condition, the particle is in the induced electric field. The electric force is . The 

geomagnetic field is also non-uniform, so there is a magnetic gradient force on the 

magnetic moment of the particle. While the particle bounces along the magnetic field, 

due to the cuvarture of the field line, the particle experiences a centrifugal force. The 

three forces cause the drift motion with velocity given by 

 
 (11)   

 
 (12)   

 
 (13) 

 
 (14) 

where  is the local raius of curvature of the magnetic field line,  is the unit vector 

pointing from the center of curvature to the particle. 

vd =
F ×B
qB2

qE

vd = vE×B + v∇B + vcurv

vE×B =
E×B
B2

v∇B =
mv⊥

2

2qB3
B ×∇B

vcurv =
mv||

2

qRcB
2 R̂c ×B

Rc R̂c
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Combine the three motions, the charge particle trajectory resembles the one 

shown in Figure 1.8. It simulates a proton is released at (4RE, 0, 0), with velocity vx = 

8´106m/s, vy = 0m/s, vz = 1.2´107m/s in a magnetic dipole field that is used to model the 

Earth’s magnetic field at low L-shells. In this case, the E´B drift is absent. 

1.2.3. The Magnetohydrodynamic Description of the Plasma  

To describe the state of a large-scale plasma system that consists of enormous 

number of charged particles like the solar wind and magnetosphere, it is impossible, also 

unnecessary to track the motion of each single particle. The macroscopic dynamics and 

physical quantities, such as pressure, density, flow velocity, magnetic field, electric field 

and current density, are of interest. We can simplify the problem by treating the 

magnetospheric plasma as an electrically conducting magnetofluid and a set of equations 

Figure 1.8 The trajectory of a proton in the Earth’s magnetic dipole field model. 
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of magnetohydrodynamics (MHD) are used to describe the plasma system. The MHD 

approximation is applicable when 

1. The scale length of interest is larger than the Debye length* and electron/ion 

gyro-radius. 

2. The scale time of interest is larger than the period of the electron/ion gyro-motion 

and inverse of the plasma wave frequency. 

3. The plasma system studied is quasi-neutral. 

4. The collisions of the plasma particles are so frequent that they are close to the 

Maxwellian distribution and the temperature of electron and ion are close to each 

other. 

5. The physical process is adiabatic, which means, there is no communications in 

form of heat or mass between the plasma system and the environment. 

6. The characteristic velocity is much smaller than the speed of light ( ). Other 

important physics such as relativity, quantum mechanics and displacement current 

in Ampère’s law are not considered. 

 
*The Debye length is the distance beyond which the electrostatic effect has been efficiently 
screened by other charged particles in plasma. Typically, the length is 10m in the solar wind, 102m 
in the magnetosphere and 10-3m in ionosphere (Thorne, 2012). 

 

1.2.3.1. MHD equations 

These assumptions hold in heliosphere, solar wind, and the most of the region of 

Earth’s magnetosphere. Since these systems of plasma are regarded as electrically 

conducting magnetofluid, the MHD equations are a combination of Navier-Stokes 

v << c
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equations of fluid dynamics and Maxwell’s equations of electromagnetics. First, the 

Maxwell’s equations are  

No magnetic monopoles exist (B is divergence free):          (15)  

Faraday’s law of induction:             (16) 

Gauss’s law:               (17) 

Ampère’s law with Maxwell’s addition:          (18) 

Since the plasma is assumed quasi-neutral, (17) is modified to 

 
 (19) 

Apart from the Maxwell’s equations, another electrodynamic equation, the Ohm’s 

law, is needed: 

 
  (20) 

where  and  are the electric and magnetic field in the rest frame,  is the 

electric field in the reference frame of the plasma flow moving with velocity .  is the 

resistivity of the plasma. 

In ideal MHD, the plasma is assumed to have perfect conductivity, thus, . 

The particles respond promptly to the electric field compared with the macroscopic slow 

flow. Therefore, the Ohm’s law yields 

 
 (21) 

∇⋅B = 0

∂B
∂t

= −∇×E

∇⋅E =
ρc
ε0

∇×B = µ0 J + ε0
∂E
∂t

⎛
⎝⎜

⎞
⎠⎟

∇⋅E = 0

E+ v ×B =ηJ
E B E+ v ×B

v η

η = 0

E+ v ×B = 0
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which means, the electric field in the frame of the fluid is zero and  in the rest 

frame. 

The perfectly conducting plasma leads to the “frozen-in-flux” theorem. It can be 

shown that the magnetic flux through an area of the moving plasma flow is conserved 

and the fluid element is always bound to the same magnetic field lines. In this way, the 

Faraday’s law of ideal MHD is modified to 

 
 (22) 

In Ampère’s Law, the absolute value of ratio of displacement current  to 

is: 

  (23) 

where L is characteristic length and T is characteristic time. From (21),  holds and 

 and the ratio yields 

  (24) 
The Ampère’s equation is modified to 

  (25) 
 

E = −v ×B

∂B
∂t

= ∇× (v ×B)

µ0ε0
∂E
∂t

∇×B
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Then comes to the equations of the fluid dynamics. The first one is the mass 

continuity equation in conservative form: 

 
 (26) 

where  is the mass density flux. It can also be written in the convective form 

 
 (27) 

is the change of plasma density with respect to time explicitly and  is the 

directional derivative that represents the change of density when the plasma element 

moves from one region to another per unit time.  is a compression term: 

If < 0, the flow is converging under compression; 

if > 0, the flow is diverging due to dilution; 

if = 0, the flow is incompressible. 

The second equation of fluid is the momentum equation derived from Newton’s 

second law: 

 
 (28) 

In ideal MHD, gravity force and viscosity are neglected. Only Lorentz force and 

pressure gradient are taken into account. The momentum equation yields 

 
 (29) 

∂ρ(t,x)
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The Lorentz force can be decomposed into two parts, the magnetic tension force, 

 and the gradient force of magnetic pressure .   

 
 (30)  

Since the Lorentz force must be orthogonal to , the parallel-to- component of 

the two forces must cancel each other. First, the magnetic tension can be separated into 

two parts: 

  (31) 

 is the unit vector in the direction of .  cancels the portion of 

pressure gradient that is parallel to the field line and we can define the operator  as  

 
 (32) 

The curvature vector  k , pointing to the center of curvature, which 

is perpendicular to the magnetic field. Therefore, the Lorentz force is proved to have two 

parts that are both perpendicular to the magnetic field: 

                        k             (33) 

In ideal MHD, the pressure is assumed to be isotropic: . Combine with 

(23), the momentum equation can be rewritten in conservative form  
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 (34) 

The form of the energy equation has a few versions, the choice of which depends 

on the application scenario and numerical methods. The energy equation introduced here 

is for the total energy density of ideal MHD, consists of the density of thermal energy, 

kinetic energy and magnetic energy.  

  (35) 
The thermal energy is given by  

  (36) 
The second term is the divergence of energy flux, including the flux of work done 

by pressure, thermal energy, kinetic energy and the Poynting flux, , which is the 

flux of electromagnetic energy. The electrostatic energy is not considered, as it is 

negligible compared with magnetic energy under ideal, non-relativistic MHD 

assumption. 

An important dimensionless number in MHD is the plasma beta, the ratio of the 

plasma pressure to the magnetic energy density.  

  (37) 
If b << 1, the magnetic pressure/force dominates over the plasma pressure/force. 

If b >> 1, the plasma pressure/force dominates over the magnetic pressure/force. If b » 1, 

the plasma pressure/force and the magnetic pressure/force compete with each other. 
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1.2.3.2. MHD waves 

Suppose there is a small perturbation in the velocity of a uniform and infinite 

plasma, it causes small displacement in magnetic field, density and pressure in the ideal 

MHD equations. Consider the magnetic field in Cartesian space is  and the 

solution has the form  , where is the wave vector, 

pointing in the direction of the wave propagation. Its magnitude is , where  is the 

wavelength.  and  are, respectively, components that perpendicular and parallel to 

the magnetic field. The phase velocity is  and it is the velocity of the phase of a 

wave propagating in space.  

From the linearized form of MHD equations of the perturbation terms, a 

dispersion relation of MHD waves is given by 

  (38) 
The sound speed and Alfvén speed are given by 

  (39) 

  (40) 
The first solution comes from the left bracket is 

  (41) 
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which corresponds to the shear Alfvén waves (Figure 1.9), transverse waves propagating 

parallel to the magnetic field. The restoring force comes from the magnetic tension. 

 

The other two solutions correspond to the slow and fast mode waves: 

  (42) 

where  holds. The plus sign gives a higher angular frequency and a 

larger phase velocity, which corresponds to the “fast mode” wave; the minus sign gives a 

lower angular frequency and a smaller phase velocity, which corresponds to the “slow 

mode” wave. For some special cases: 

If , the waves propagate perpendicular to the magnetic field and are 

longitudinal and compressional waves called a magnetosonic or magnetoacoustic waves 

(Figure 1.10). The restoring force comes from the compression and relaxation of both the 

magnetic pressure and the plasma pressure. 
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Figure 1.9 A sketch of the shear Alfvén wave, a transverse wave, where 
the velocity perturbation is perpendicular to B and the direction of wave 
propagation is parallel to B. Credit: Richard Wolf, Rice University 
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In the fast mode, the plasma pressure and magnetic pressure perturbations are in 

phase and phase velocity is given by 

  (43) 
The slow mode waves, has zero angular frequency which means it cannot 

propagate in this case. 

 

If , the waves propagate parallel to the magnetic field (similar to the shear 

Alfvén wave), the frequency of the fast and slow mode waves are given by 

  (44) 

  (45) 
The wave with speed of  is just the pure sound wave, generated by the 

perturbation of plasma pressure along the magnetic field line. It does not cause any 

change in the magnetic field and the restoring force is the pressure gradient force. The 
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Figure 1.10 The fast mode wave with pertubation in velocity and 
direction of propagation perpendicular to B and compression/relaxation of 
magnetic field and plasma density in phase. Credit: Richard Wolf, Rice 
University 
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wave with speed of  is another type of compressional Alfvén wave that when the 

magnetic field lines are squeezed in perpendicular direction (magnetic pressure going 

up), while the plasma are squeezed out of the region (plasma pressure going down). The 

compression of magnetic field and the plasma content is out of phase so that the total 

pressure is almost constant. 

1.2.4. Magnetospheric Dynamics 

Section 1.1 illustrates the formation of the solar wind and the interplanetary 

magnetic field (IMF) it carries. This section will give an introduction of how they interact 

with the geomagnetic field and cause the large-scale dynamical activities in the Earth’s 

magnetosphere.  

1.2.4.1. Magnetic reconnection 

Due to different locations of the coronal streamer on the surface of the sun and the 

rotation of the sun, the IMFs have time-dependent orientations and the magnitude of 

magnetic components, Bx, By and Bz vary time to time. The geomagnetic field is dipole-

like with large northward Bz component in space. At time of large southward Bz in IMF, 

the field lines in IMF and geomagnetic field have opposite orientations. When two groups 

of anti-parallel field lines are squeezed to each other, a phenomenon called “magnetic 

reconnection” is triggered (Figure 1.11). Between the antiparallel field lines, a strong 

current sheet is generated following the Ampère’s Law (18), where the displacement 

current can no longer be neglected. A diffusion region forms in the center where the 

opposite magnetic fluxes come from “top” and “bottom” cancel each other and two 

groups of new magnetic field lines form and go toward “left” and “right”. Although the 

cA
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newly formed magnetic fields have opposite directions, their magnetic tensions are fairly 

large and in opposite directions, resulting fast plasma outflows toward left and right. The 

kinetic energy from the two plasma inflows has been turned into magnetic energy at the 

central region and are released again through plasma outflows in the form of kinetic 

energy.  

The mechanism of the magnetic reconnection is still under debate and it is beyond 

the scope of MHD descriptions of plasma. “Particle in cell” is a common method to 

simulate the particle dynamics in the reconnecting region which is not relevant to this 

thesis. 

Figure 1.11 Magnetic reconnection. Credit: NASA 



 
26 

 

1.2.4.2. Substorms 

In the scenario of IMF and geomagnetic field interaction during southward IMF 

period (Figure 1.12 (Eastwood, 2008)), a magnetic reconnection first occurs at the 

magnetopause region, between the southward IMF (blue) and geomagnetic field lines 

(red) which leads to a pair of “open” field lines that connect to the IMF (purple). As the 

solar wind plasma keeps moving, these open field lines are ‘peeled away’ from the 

dayside over the poles and dragged into the tail following “frozen-in-flux”. As more of 

the magnetic field is drawn into the tail, so the northern and southern tail lobes expand 

and load with additional magnetic energy.  

The magnetic field in the magnetotail intensifies and magnetic field lines become 

increasingly stretched tailward like a slingshot. This triggers more magnetic 

reconnections between open field lines with opposite directions on the northern and 

southern sides of the equatorial plane of the plasma sheet. Field lines on both sides merge 

Figure 1.12  Southward IMF triggers the reconnection at magnetopause and in 
the magnetotail (Eastwood, 2008). 
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and break at the neutral line and form two new lines. One of the new field lines is on the 

earthward side, which is a stretched geomagnetic field line rebounding earthward, just 

like a released slingshot. The other one is in the tailward side, which no longer connects 

to Earth, and is expelled down the tail as IMF or in the form of a plasmoid. The processes 

mentioned above describe the growth phase, onset, expansion phase and recovery phase 

of a substorm. The dipolarization of the earthward geomagnetic field lines may cause 

flow bursts or, so-called bursty bulk flows in the plasma sheet (Angelopoulos et al., 1994; 

Baumjohann et al., 1990). The plasma in the dipolarization stream is inhomogeneous in 

pressure and density compared with the plasma in plasma sheet and inner magnetosphere, 

which will result in the field-aligned currents (Birkeland currents) flow into and outward 

the ionosphere (Victor A. Sergeev, 2005). The charged particle in the loss cone will also 

escape the confinement of the magnetic field to the ionosphere. As a result, auroral onset 

and expansion are observed in the ionosphere.  

1.2.4.3. Plasma Sheet Bubbles and Bursty Bulk Flows  

By definition from observations, the bursty bulk flows (BBFs) are events last 10 ~ 

20 min with plasma flow containing many short-lived (< 10 sec.) high velocity (>400 

km/s) flow bursts (Cao et al., 2006). BBFs are identified as depleted magnetic flux tubes 

or low entropy plasma bubbles that penetrate anti-tailward through the plasma sheet 

(Kauristie et al., 2000; Nakamura et al., 2001; V. A. Sergeev et al., 1996), where the 

entropy parameter is PV5/3 for adiabatic ideal gas as defined in Pontius & Wolf (1990). 

The entropy parameter is larger if the plasma content is hotter and denser (larger 

pressure) and flux tube volume is larger. Usually a flux tube at magnetotail has larger 

flux tube volume than one in the inner magnetosphere as the field line is longer in tail. 
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Wolf et al. (2009) proved that the entropy parameter is conserved in quasi-static process, 

e.g., the slow-flow plasma transportation. A plasma sheet bubble with lower entropy 

parameter than its surrounding is a result of the loss of plasma content and flux tube 

volume after the reconnection in magnetotail. The flux tube loses a part of its entropy to a 

plasmoid and the loss of flux tube volume can be estimated (Sitnov, 2005).  

Since the bubble has thinner plasma to carry cross-tail current in the central 

plasma sheet, a pair of field-aligned current to maintain current continuity. The 

downward (earthward) current is on the east side of the bubble and the upward (tailward) 

current is on the west side of the bubble (Morioka et al., 2011) (Figure 1.13). The 

corresponding ionospheric electric field points westward and results in an ionospheric 

equatorward E´B drift, so the low entropy flux tube moving earthward along with the 

frozen-in magnetic field line. This process is an interpretation of the bursty bulk flow. 

Figure 1.13 Bubble induced field-aligned current. Modified from 
Morioka et al. (2011). 
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The dipolarization process decelerates and comes to a stop as the bubble has moved to 

somewhere in inner magnetosphere where the entropy parameter of the bubble matches 

the environment.      

1.2.4.4. Magnetospheric Convection 

The substorm is triggered by a sudden but short period of southward IMF lasts 

about a few hours. When a steady southward IMF lasts for an extended period, say, 

several hours, a magnetospheric-scale convection cycle forms (Hughes, 1995) (Figure 

1.14 (a)). The plasma convection is driven by the reconnection on the dayside and the 

magnetotail region just like the scheme of the substorm, but the plasma has slower and 

steady E´B drift that forms circulation stream lines in both magnetosphere and 

ionospheric footprints. This circulation is first proposed and illustrated by J.W. Dungey at 

1961 and named after him called “The Dungey Cycle”.  

The steady southward-IMF solar wind drives the magnetosphere-ionosphere (M-I) 

like a dynamo. Figure 1.14 (b) is an ionospheric view that shows the Birkeland currents 

and corresponding electric field generated (Cowley, 2000). The electric field, E, is the 

cause of E´B drift circulation, which in turn, feeds back to the current system. The 

magnetospheric current system will be revisited in the M-I coupling section. 
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Figure 1.14 (a) A diagram shows the Dungey Cycle with ionospheric footprint of the 
magnetic field line on the bottom (Hughes, 1995). (b) The stream lines on the polar 
cap with associated Birkeland currents and polar cap electric fields (Cowley, 2000). 

(a) (b) 
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1.2.4.5. Geomagnetic Storms 

Geomagnetic storms, the highest level of geomagnetic activity, also occur at 

period of southward IMF that lasts much longer about 1 ~ 2 days. The solar wind carries 

significant amount of energy and plasma content that mostly comes from the coronal 

mass ejections (CMEs) of the Sun or the corotating interaction region (CIR) in the solar 

wind. It results in a sudden increase in ram pressure of the solar wind which causes major 

disturbances to the magnetosphere. The Dst (Disturbance Storm Time) index or H-index 

in unit of nano-Tesla (10-9 T) is often used to measure the strength and stage of the 

geomagnetic storm. It is an averaged horizontal magnetic field disturbance measured by 

the ground-based magnetometer near the Earth’s equator.  

During quiet times, the Dst index is around 0. The sudden impact on the 

magnetopause by the energetic solar wind causes compression in geomagnetic field on 

the dayside, which is reflected in the sudden commencement and initial phase in Figure 

1.15 – a positive value in the Dst index up to tens of nT appears as a result of the 

Figure 1.15 A diagram of variations in Dst index during a typical geomagnetic storm. 
Credit: Richard Wolf, Rice University 
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compressed magnetopause. The compression also produces MHD waves that propagate 

through the magnetosphere.  

The next phase is the geomagnetic storm's main phase, which usually lasts from a 

couple of to several hours. This phase is characterized by strong magnetospheric 

convection and the occurrence of multiple intense substorms. Charged particles in the 

near-Earth plasma sheet are energized and injected deep into the inner magnetosphere, 

either by convection flow or flow bursts. As it is discussed in section 1.2.2, plasma 

particles experience gradient and curvature drift in the inner magnetosphere; charged ions 

drift westward and negative charged ions drift eastward, forming a westward ring current 

at a radial distance between 3 - 8 RE on the equatorial plane (Sitnov, 2005). Figure 1.16 

shows the ring current build-up during a storm event. By measuring the number flux of 

neutrals shooting from the ring current region caused by ion collisions and charge 

exchanges, the strength and distribution of the ring current are acquired. The number of 

drifting particles dramatically increase during the main phase. The Dst index goes 

negative rapidly due to the westward ring current, and the lowest point can reach -100 nT 

to -300 nT in a strong storm. The storm time convection and fast flow injection will also 

trigger the Birkeland currents and associated aurora; the plasmasphere on the nightside is 

eroded by the energetic plasma flow. 

Then it follows the recovery phase, lasting from half a day to a week, where the 

ring current gradually diminishes. The ring current particles are lost through wave-

particle interaction to scatter the charged particles to the loss cone; the cold plasma from 

ionosphere goes into space further enhance the scattering; charge exchanges with the cold 

neutral atoms leads to energetic neutrals which can escape from the geomagnetic field, 



 
33 

 

but less energetic charged particles. The partial ring current connects to the region 2 

current which shields the polar-cap potential in low latitude region and weaken the 

convection inflow driven by E´B drift. The substorms occur less frequently, cutting 

down another source of ring current plasma.  

 

Geomagnetic storms and associated auroral and geomagnetic effects can cause a 

lot of damage to ground-based infrastructure and space instrument of human society 

(Allen et al., 1989; Cannon, 2013; Choi et al., 2011; Tobiska et al., 2015). Understanding 

and forecasting the geomagnetic storm and other space weather activities is a crucial 

challenge to modern space science.     

Figure 1.16 Neutral atom image of the July 15-16, 2000 storm (50~60 keV neutrals). 
The energetic neutral atoms are captured by the spacecraft when shooting from the 
ring current caused by ion collisions. The magnitude of number flux reflects the 
strength of the ring current. Credit: IMAGE Spacecraft, NASA 
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1.2.5. Magnetosphere-Ionosphere Coupling and Magnetospheric Currents 

The magnetosphere is not a stand-alone system as it is closely coupled to the 

ionosphere and further down to the thermosphere. The link is the field-aligned current 

that connects the ionosphere right (75 ~ 1000 km) above the Earth’s magnetic polar cap 

and the magnetospheric current system. The ionosphere is partially ionized upper 

atmosphere energized by the ultraviolet lights and X-rays from the solar flares and 

cosmic rays from the universe. It is a conductor, but unlike the magnetospheric plasma 

which can be considered as nearly perfectly conducting, the ionospheric resistivity is 

non-zero due to partial ionization and frequent collisions with neutral particles.  

 

As has been shown in the last section, Birkeland currents are produced in 

geomagnetic activities such as convection, storm and substorms and ionospheric electric 

Figure 1.17 Region 1 and Region 2 currents conneting 
to the ionopshere and ionospheric Pederson and Hall 
currents (Le et al., 2010). 
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field are generated. The pair of currents that inflow to the dawn side and outflow from the 

dusk side at higher latitude are known as the Region 1 currents; the pair with opposite 

direction to Region 1 at lower latitude are the Region 2 currents (Le et al., 2010) (Figure 

1.17). In the ionosphere, Region 1 and Region 2 currents connect and form two type of 

current flowing on the plane of ionosphere, Pederson currents that flow in the direction of 

the electric field and Hall currents that flow in the direction of E´B. The corresponding 

conductivity is Pedersen conductivity  and Hall conductivity . There is another 

conductivity for the current that parallel to the magnetic field is . The unit of the 

conductivities is (Siemans/meter), the magnitude of which vary at different locations, 

seasons, local time and space weather conditions. Figure 1.18 gives an example of the 

altitude-dependent ionospheric conductivity during daytime.      

σ H

σ ||

Figure 1.18 An example of the altitude-dependent ionospheric 
conductivity at daytime. Credit: World Data Center for 
Geomagnetism, Kyoto 
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If we consider the ionosphere is a 2-dimensional horizontal layer so that the 

vertical scale is neglected. Assuming the area is small and the z-axis that perpendicular to 

the layer coincide with magnetic field  then the ionospheric current density can be 

given by  

  (46) 
where  is the neutral flow velocity and in the coordinate system,  is the current 

density on a plane in unit of A/m.  is the height-integrated conductivity tensor, defined 

by 

  (47) 

  (48) 

  (49) 
If assume zero neutral wind, the current continuity equation yields  

  (50) 
 is the current density parallel to the magnetic field in A/m2;  stands for the 

divergence is taken in the 2D ionosphere shell;  is the dip angle between the magnetic 

field vector and the ionosphere surface, so that  is the current flow perpendicular 

to the surface. For this simple case, where the magnetic field is consider in direction of , 

 and . In larger area that covers different latitudes, the expression of   

is more complicated, while the current continuity equation (50) still holds.  
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On the side of magnetosphere, the Region 1 currents (field-aligned current from 

higher latitude in Figure 1.19) connect to the magnetopause current on the 

magnetospheric boundary layer or to the neutral sheet current in the far-tail plasma sheet 

(Kivelson & Russell, 1995). The magnetopause current is also called the Chapman-

Ferraro current which is a group effect of solar wind particles under Lorentz force in the 

nonuniform compressed magnetic field of the magnetopause region. The driving of the 

solar wind powers the dynamo and Region 1 currents are the wires that connect to the 

ionosphere where an electric field is generated to drive the convection in the 

magnetosphere. The neutral sheet current or the cross-tail current comes from the curl of 

B in the tail. During substorms, plasma bubbles or flow bursts of the dipolarization 

causes inhomogeneity in the plasma sheet. The field-aligned currents are generated on 

Figure 1.19  Magnetospheric structure and current system 
(Kivelson & Russell, 1995). 
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both edges of the flow channel and forms a substorm-time ionospheric electrojet. The 

Region 2 currents connect to the partial ring current in the inner magnetosphere and 

generate electric field in opposite direction to the major electric field as a shielding effect, 

shown in Figure 1.14 (b). 
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Modeling the Magnetosphere 

To simulate the Earth’s magnetosphere and its solar-activity-driven phenomena, 

different space environment models have been developed. These models cover the global 

magnetosphere from tens of Earth radii upstream to a few hundred RE downstream, and 

often include the inner magnetosphere inside of 10 RE around the Earth, to the polar cap 

region. Each of the models represent in each domain where certain physical process plays 

a major role.  

2.1. Modeling the Global Magnetosphere 

Global magnetosphere models are important as they not only depict the large- 

scale magnetospheric configuration, but also provide background input to smaller scale 

models and data analysis. One type of model is the data-based empirical model, such as 

the widely used Tsyganenko geomagnetic field models (Kivelson & Russell, 1995). 
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These models employ a set of well-designed analytic formulas as the model framework 

that includes the contributions from different magnetospheric current systems combined 

with an internal field (IGRF). These models are fully parameterized based on 

geomagnetic indices and solar wind conditions. While early models, with only limited 

observations were available, used ground-based Kp-index to parameterize the models 

(e.g., Tsyganenko, 1987, 1989), later versions included parameterizations using the solar 

wind, IMF ground-based Sym-H measurements, and their time history. These later 

models also included the effects of other current systems such as large scale Birkeland 

and magnetopause current (Tsyganenko, 1996, 2002a, 2002b; Tsyganenko & Sitnov, 

2005). Later models also use statistical learning techniques to observational data of major 

storm events (Sym-H ~ -100 nT), which led to a storm-time dynamic geomagnetic field 

models (Sitnov et al., 2008; Tsyganenko & Sitnov, 2007). These empirical models have 

limitations due to their high dependency on data, which are often time-averaged for 

hours. With the availability of more event data, and more sophisticated data-mining and 

fitting techniques, recent models have shown the ability to capture the features of 

substorm phases and dynamics (Stephens et al., 2019). 

Another type of magnetosphere model is the global magnetohydrodynamic 

(MHD) models that are first principle models that numerically solve for the geomagnetic 

field and plasma evolution driven by the upstream solar wind (Fedder & Lyon, 1987; 

Janhunen et al., 1996; Ogino, 1986; Raeder et al., 2001; Tanaka, 2015). Models such as 

the Open Global Geospace Circulation Model (OpenGGCM) (Raeder et al., 1998), the 

Block-Adaptive-Tree Solarwind Roe-Type Upwind Scheme (BATS-R-US) (Powell et al., 

1999) and Lyon-Fedder-Mobbary code (LFM) (Lyon et al., 2004) solve the MHD 
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equations on a numerical grid. These MHD models are usually coupled to an ionospheric 

electric potential solver that uses the Birkeland field-aligned current computed by global 

MHD at their earthward boundary and solves the current continuity equation on a 2D 

ionospheric shell (Janhunen et al., 1996; Merkin & Lyon, 2010; Raeder et al., 2001; 

Ridley et al., 2004) for the electric potential. This potential is fed back to global MHD as 

an inner boundary condition. This MHD based magnetosphere-ionosphere coupling 

system provide a reasonable first order description of magnetic field and plasma 

dynamics in the outer magnetosphere.  

2.2. Modeling the Inner Magnetosphere 

In the inner magnetosphere, MHD’s approximation of E ´ B drift is no longer 

applicable. Charged ions trapped by the field lines have gyro-motion and bounce between 

the poles with different pitch angles and energy (1 ~ 300 keV) and the bounce-averaged 

gradient and curvature drift are dominant over the E ´ B drift. Positive charged ions drift 

westward and negative charged ions drift eastward, forming a westward ring current at a 

radial distance between 3 - 8 RE on the equatorial plane (Daglis et al., 1999). Inner 

magnetosphere plasma distribution will also result in Birkeland currents in the ionosphere 

and impact the electric field. Inner magnetosphere models are designed to simulate the 

plasma in the ring current region. The Rice Convection Model (RCM) (Harel et al., 1981; 

Wolf, 1983) models the physical processes on time scales of a drift period and assumes 

pitch angles of particles that are fully isotropized and uses a bounce averaged approach. 

The inner magnetosphere plasma is assumed to be quasi-static and pressure is constant 

along a flux tube. The RCM not only calculates the Birkeland currents associated by the 
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plasma distribution, but also uses a high-resolution electric potential 2-D solver to self-

consistently feed back the resulting electric field to the drifting plasma.  

2.3. Coupled Models 

2.3.1. Two-way coupling of Inner and Global Magnetosphere Models 

The RCM has been two-way coupled to BATS-R-US (De Zeeuw et al., 2004), 

OpenGGCM (Cramer et al., 2017; Hu et al., 2009) and LFM (Pembroke et al., 2012) 

global MHD models. The RCM utilizes external time-dependent magnetic field in its 

simulation region and plasma pressure on the boundary to evolve the energy-dependent 

plasma distribution while driven by the ionospheric potential solvers that belongs to the 

global MHD model. RCM calculated pressure and density are fed back to MHD model as 

a correction to the MHD plasma condition in the inner magnetosphere. Similar coupling 

schemes of using other RC models, such as the CRCM to BATS-R-US, have been 

implemented by Glocer et al. (2013) and Meng et al. (2013). The two-way coupling 

models modify the inner magnetospheric plasma population and can successfully 

reproduce storm-time ring current formation (De Zeeuw et al., 2004; Pembroke et al., 

2012). They have become widely used numerical tools for studying magnetospheric 

physics and also provide input conditions to the inner magnetosphere models.   

2.3.2. Driving the Inner Magnetosphere Models with Global Magnetosphere Models 

A one-way coupling methodology has also been widely used in driving a kinetic 

RC model by a global magnetosphere model for a purpose to reproducing certain 

physical processes in the inner magnetosphere in a time-evolving global environment 
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(Buzulukova et al., 2010; Hu et al., 2010; Zaharia et al., 2010; Zhang et al., 2008, 2009). 

Unlike the two-way coupling, the RC model does not provide feedback. However, both 

one-way and two-way coupling scheme have the problem of not necessarily satisfying the 

assumption of quasi-static conditions that is used in RC models. One way to resolve this 

is to include a scheme to compute a force balanced magnetic field in the inner 

magnetosphere. The RAM-SCB is an example self-consistent model coupled with a 3-D 

plasma equilibrium solver, and has been used with Tsyganenko model empirical 

magnetic field model (Tsyganenko, 1996) or with a global MHD model (BATS-R-US) 

(Zaharia et al., 2004, 2010). The driving electric potential to RAM-SCB comes either 

from an empirical model or from the potential solver of global MHD model. Another 

model is the Rice convection model equilibrium (RCM-E), which is described in the next 

section. 

In next chapter, we will introduce a new coupling scheme for the RCM-E and a 

global MHD model (LFM) where the time-evolving electric potential and related 

ionospheric precipitation can be calculated self-consistently on RCM high-resolution 

grid.  

2.4. Model Descriptions 

2.4.1. Rice Convection Model – Equilibrium 

The RCM is a model of the inner and middle magnetosphere that includes the 

coupling to the ionosphere. It uses a multi-fluid formalism to describe adiabatically 

drifting isotropic particle distributions, from which it computes the Birkeland current 
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distribution that are obtained from the Vasyliũnas equation (Vasyliũnas, 1970). With 

appropriate boundary conditions and height-integrated ionospheric conductivities, the 

equation of magnetosphere-ionosphere coupling is solved to get the ionospheric electric 

potential. The ionospheric potential distribution is used to compute E ´ B drift that is 

added to the particle gradient and curvature drift which will determine the motion of 

adiabatically drifting particle distributions (Toffoletto et al., 2003; Wolf, 1983). Figure 

2.1 shows a complete working flow of RCM (Sazykin, 2000). The magnetospheric 

quantities on the upper panel and ionospheric quantities on the lower panel are connected 

or mapped by the geomagnetic field lines. The ovals and black arrows stand for model 

inputs; the rectangles and white arrows represent model computation.   

 

 

 

 

 

 

 

 

 

 

Figure 2.1 Diagram of RCM working flow 
(Sazykin, 2000). 
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The drift velocity is given by,  

   (51) 
where the subscripts i and k represent particle species of charge qi, and particle energy 

channel respectively;  is the particle kinetic energy for species i, (electron or 

ions) associated with energy channel k, at position x, at time t and  is a conserved 

value along the drifting path known as the energy invariant 

  (52) 
where  is the magnetic flux tube volume, given by 

  (53) 
where s is the distance along the field line and B(x,t) is the magnitude of the magnetic 

field. The RCM solves the advection equation of the flux tube content  in the RCM 

simulation region with a plasma loss function on the right hand side, 

  (54) 
where  is initialized by an integral of a statistical distribution function, such as a 

Maxwellian,  

  (55) 

   (56) 
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where mi is the mass of the species,  and  are the lower and upper bounds of the 

k-th energy channel, respectively.  is the plasma density given by an external MHD 

model.  is the temperature of the species. In the current version of the RCM, electron 

and proton are considered. Their density are assumed to be the same and temperatures are 

given by   

   (57) 

   (58) 
where a is set to be 7.8, based on observations in the central plasma sheet (Baumjohann 

et al., 1989). P is the plasma pressure. 

We can calculate the RCM pressure distribution by summing the moments  

  (59) 
In equation 1, the electric field, E, is needed to determine the plasma motion. The 

quasi-static assumption of the RCM implies that J ´ B = ÑP and yields 

  (60) 
By using the current conservation relation  and integrating along a flux 

tube, it results in the Vasyliũnas equation (Heinemann & Pontius, 1990; Wolf, 1983) that 

describes the coupling between the ionosphere and the inner magnetospheric convection  

   (61) 
where subscripts  and || represent the perpendicular and parallel components with 

respect to the magnetic field. The NH and SH labels represent the northern and southern 
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hemispheres respectively. BIN and BIS are the magnetic field at the northern and southern 

ionosphere. By substituting V and P with RCM variables and applying RCM’s 

assumption of north-south symmetry (BI = BIN = BIS, J||NH = - J||SH), one can express the 

Vasyliũnas equation as 

  (62) 
Additionally, the equations for the electric field in the ionosphere (Wolf, 1983): 

  (63) 
and 

  (64) 
where  is the field-line-integrated conductance tensor;  is the partial derivative on 

the ionospheric shell surface;  is the field-aligned current dip angle with respect to the 

shell surface. Combining (12), (13) and (14) gives: 

 (65) 
The ionospheric potential  on RCM 2D grid is solved. The RCM 2D grid uses 

a rotating frame on the Earth’s north pole, so the potential in an inertial coordinate is  

adding the effects of co-rotation, , which is given by 

  (66) 
where  is the angular speed of the rotating Earth;  is the strength of the Earth’s 

dipole moment. The total ionospheric potential that drives the plasma in the 
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magnetosphere also include a field-aligned potential drop . However, the present 

version of the RCM assumes perfectly conducting field lines and this term equals to zero. 

  (67) 
The Rice Convection Model-Equilibrium (RCM-E) combines the RCM with a 

“magneto-friction (MF)” equilibrium solver (Hesse & Birn, 1993; Lemon et al., 2003). A 

force balanced magnetic field model was used to evolve the empirical Tsyganenko 

magnetic field (Tsyganenko, 1989) close to equilibrium using a frictional approach 

(Hesse & Birn, 1993).  This coupling algorithm was further developed and optimized for 

use with RCM and became the RCM-E (Lemon et al., 2003; Toffoletto et al., 1996, 

2003). The MF equilibrium solver evolves the system toward the force equilibrium, J ´ B 

= ÑP,  based on a set of modified ideal MHD equations:  

    (68)  
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   (71)  

  (72)  

  (73) 
The momentum equation (equation 72) includes a dissipation term that dissipates 

kinetic energy and a viscosity term which is used in a momentum smoothing routine to 

maintain grid-scale numerical stability. The friction parameter a  is usually set to be 0.05 

as a starting value and adjusted adaptively for a faster convergence toward equilibrium. 
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The coefficient of the viscosity term, n, is set to be as small as possible, so the kinetic 

energy dissipated by viscosity is quite limited. The density r here is a numerical 

parameter to maintain a constant fast mode speed rather than a physical quantity. The 

energy equation tracks the thermal energy of the ideal gas. The MF equilibrium solver 

provides RCM with input of the magnetic field and pressure that satisfies force balance 

(Lemon et al., 2003; Toffoletto et al., 1996, 2000). This combination is a self-consistent 

numerical tool for simulating the complex plasma dynamics of the inner magnetosphere. 

More details of the RCM and MF solver coupling algorithms will be described as a part 

of the description of the LFM-RCM-E coupling scheme in sections 3.1 and 3.2. 

2.4.2. Lyon–Fedder–Mobarry (LFM) Global Magnetohydrodynamic (MHD) Model 

The LFM MHD code numerically solves the time-dependent single-fluid MHD 

equations to describe the dynamics of the solar wind interaction with the Earth’s 

magnetosphere. The global simulation region is in the scale of the magnetosphere and it 

integrates the simulation model for the whole magnetosphere-ionosphere system, where a 

model for the polar ionospheres using the Magnetosphere Ionosphere Coupler/Solver 

(MIX) is coupled to the MHD code. The LFM code solves the semi-conservative form 

MHD equations. Instead of considering total energy conservation, the energy equation 

(26) only tracks plasma energy, which is the sum of plasma kinetic energy and its thermal 

energy (27). The purpose is to maintain the numerical accuracy in at low plasma β, where 

thermal energy is a small number compared to magnetic and total energy and the 

subtraction of two large numbers causes large error. As a first principle model, LFM 

requires upstream solar wind input with interplanetary magnetic field data, without 
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considering other important physical processes (Lyon, 2005). The algorithms of the LFM 

are based on numerical techniques that are based on the total variation diminishing 

(TVD) scheme for the plasma transport with high resolving power and maintenance of 

Ñ×B = 0. To fulfill the algorithms, a non-orthogonal adapted grid, Yee-grid (Yee, 1966) is 

employed, where higher resolution is placed in the areas of interest (Lyon et al., 2004). 

Figure 2.2 gives a general view of an LFM code output.  

   (74) 

  (75) 

  (76) 

  (77) 

  (78) 

  (79) 
  (80) 
 

The MIX model provides the inner boundary condition for global MHD models 

using a self-consistent conductance model from an external ionosphere-thermosphere 

model to compute the solution of ionospheric electrostatic potential (Wiltberger et al., 

2004). The electrical potential  is the solution to current conservation equation solved 

by MIX electrostatic solver (Lyon, 2005; Wiltberger et al., 2003) 
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  (83) 
 

 

The Birkeland current  is the field-aligned current density is calculated by 

taking the field-aligned component of the curl of the magnetic field at the inner boundary 

of LFM and mapping to the ionosphere regarded as a spherical shell; is the ionospheric 

conductance tensor that is calculated by the MHD code (Fedder et al., 1995). 
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Figure 2.2 A 3D view of LFM grid (red mesh) and its physical scale. 
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2.4.3. The coupled LFM-RCM model 

The two-way coupled version of the LFM combines the Rice Convection Model 

(LFM-RCM) (Pembroke et al., 2012). The LFM provides plasma properties, magnetic 

field, pressure and density to the RCM. The RCM converts plasma quantities in LFM into 

field-integrated ones on RCM’s ionospheric 2D grid to obtain the RCM flux tube content 

η. The MIX potential is interpolated to RCM’s grid and is used to calculate the drift 

velocities for the RCM. The RCM’s potential solver is not used in this model. 

The spatial distribution of flux tube content is updated following the drift velocity 

and the pressure and density of each flux tube. In return, the newly updated pressures and 

densities after one RCM time interval are bled into the LFM simulation region over an 

exchange time. For stability reasons, the boundary location of the RCM is restricted to lie 

within the region where the flux-tube-averaged plasma - β ≤ 1 (Pembroke et al., 2012). 

The flux-tube-averaged plasma β here is defined by 

  (84) 
A possible reason for this modification to the boundary location is that the grid 

resolution in the LFM is not fine enough to resolve magnetic field curvature to balance 

the large pressure gradients produced by RCM in the inner magnetosphere, and results in 

the generation of large radial flows. In addition, the plasma β criteria helps to reduce the 

domain in which the RCM operates as regions further out in the magnetosphere often 

have fast flows that are inconsistent with the RCM’s assumption of quasi-static slow 

flow.   

  

< β >=

2µ0P
B2

ds
B∫

ds
B∫



 
53 

 

2.4.4. Coordinate System 

The coordinate system used in LFM-RCM and RCM-E are both Solar-Magnetic 

(SM) coordinates, where the z-axis is pointing northward and parallel to the Earth’s 

magnetic dipole axis and the y-axis is perpendicular to the plane that contains the dipole 

axis and the Earth-Sun line. SM coordinate system is a preferable system to present the 

geomagnetic field and describe the ionospheric phenomenon in magnetic local time.  

There are two working modes of RCM in LFM-RCM, where the calculations in 

RCM are conducted in either SM coordinates or geographic coordinates. Details of the 

RCM working modes are elaborated in section 6.3. 
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Method: Coupling RCM-E with a Global 
MHD Model   

3.1. Motivation 

3.1.1. Comparison with RCM-E for an idealized event simulation 

The motivation for coupling the RCM-E with the global MHD model is to use 

numerical simulations to study plasma transport from the main plasma sheet to the inner 

magnetosphere. The focus of the coupled models is on simulating the processes involved 

in storm-time injections into the ring current region and the associated variations of 

electromagnetic fields. Important forms of transport like the bursty bulk flows (BBFs) are 

plasma flows with high velocity and low entropy, carrying mass and magnetic flux into 

the inner-magnetosphere. Entropy here is defined by PV5/3 (nPa (RE / nT)5/3), where P is 

the pressure and V is the flux tube volume. Previous work was centered on using the 

RCM-E model and realistic representation of bubbles, that use a variety of observations 

to help set the boundary condition at the outer boundary of RCM-E (Yang et al., 2015). 

In these simulations, the RCM-E used an empirical magnetic field model, i.e., one of the 

Tsyganenko magnetic fields (Tsyganenko, 1989) and a corresponding empirical plasma 
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pressure distribution as initial inputs. As the code evolved in time, magnetic field and 

pressure were brought into force balance. By prescribing appropriate boundary conditions 

to RCM, an event can be simulated with the overall magnetic field and plasma pressure 

maintained in force balance. This approach has been found to be quite reasonable for 

isolated events over time periods when magnetic field in the open field line region does 

not change significantly with time (Yang et al., 2013, 2014, 2015). 

In order to be able to simulate longer time periods with during which the global 

magnetic field that changes significantly such as during a large geomagnetic storm, we 

use the magnetic field, pressure and density from the LFM global MHD simulations to 

drive the RCM-E. The LFM-RCM code provides a first estimate to the time-dependent 

global magnetic field and plasma pressure. Before the RCM runs, the simulation, the 

magnetic field equilibrium solver is the used to find the magnetic field and pressure that 

is in force balance. The ionospheric model (MIX) provides the RCM with time-

dependent ionospheric conductance and electrical potential boundary conditions. Using 

the RCM-E, we can simulate the evolution of BBFs or low entropy bubbles as in the 

previous approach described above. We can also investigate the impact on the inner- 

magnetospheric current system from BBFs generated in the LFM global MHD simulation 

(Wiltberger et al., 2015).  

This approach of coupling a global MHD with the RCM-E combines the 

advantages of both. Due to lack of grid resolution and numerical diffusion, global MHD 

codes alone are unable to provide sufficient spatial resolution to track structures such as 

low-entropy bubbles in the inner magnetosphere. At the same time, RCM-E is unable to 

simulate the dynamics of the magnetospheric interaction with the solar wind. In our 
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approach, we will be able to obtain sufficient spatial resolution to simulate the time 

evolution of bubbles in the inner magnetosphere within a realistic time-dependent outer-

magnetospheric magnetic field configuration. 

3.1.2. Comparison with LFM-RCM Coupled Scheme 

In the coupled scheme of LFM-RCM, MIX provides the ionospheric potential 

calculation. In this scheme, the Birkeland currents are mapped from LFM’s inner 

boundary to MIX ionospheric grid through dipole field lines and MIX solves the current 

conservation equation to determine electrical potential. In RCM-E, the MIX potential 

solution provides the RCM with potential boundary condition and conductance, while the 

RCM computes that ionospheric potential, along with calculating the drift physics from 

MHD input in its simulation region. The new scheme has advantages and improvements 

in simulating plasma transport and provides ionosphere quantities with more accurate 

descriptions and higher special resolution.  

Another advantage of LFM-RCM-E in a storm or a substorm simulation 

compared to LFM-RCM is the “E” (Equilibrium) it introduced to the model system. In 

LFM-RCM, plasma variables are transferred to RCM and used by it where the force 

balance condition J ´ B = ÑP is not satisfied especially during storm main phase or 

substorm onset and it may put RCM’s assumption, slow flow and quasi-static plasma 

system, in question. Furthermore, during periods of heavy plasma inflows, it is likely that 

when the pressure gradient is large and magnetic field curvature is not large enough to 

balance. The use of plasma - β criteria to set the RCM boundary shrinks the RCM 

simulation region to a smaller, irregular area which stabilizes the code but also results in 



 
57 

 

the RCM losing large regions of its modeling domain, resulting in it being unable to track 

bubble injections from the plasma sheet to inner magnetosphere.  

The introduction of the MF equilibrium solver to put LFM and RCM system close 

to force balance is a way to free the LFM-RCM coupling from the plasma β restriction. It 

relaxes the system from large J ´ B - ÑP condition to a force balanced state - on one 

hand, it maintains RCM’s steady closed-field-line simulation region in a time-dependent 

outer-magnetospheric environment. In addition, it provides the RCM with adiabatic 

conditions that its assumption requires. In the next section we compare the differences of 

the two models in detail.  

3.2. Model Coupling Scheme 

3.2.1. Model Structure 

Figure 3. 1 illustrates the logical scheme for coupling the RCM-E with global 

MHD model. The upper-left part of the figure is configuration of LFM where the detailed 

structure in LFM-RCM coupling is omitted and integrated in a blue cylinder and the gray 

round structure attached to it is the MIX solver. (Details of the LFM-RCM coupling can 

be found in Pembroke et al., 2012). The right bottom part of the figure represents the 

structure of the RCM-E. It uses a rectangular grid, to which all the plasma variables are 

interpolated from LFM’s adapted grid. The red hexagons represent the field line tracer 

that integrates the field lines to determine if the field lines are closed or cross the 

boundary and compute the flux tube volume V. This tracing is used to decide whether the 

flux tube belongs to RCM simulation region. The purple box represents the MF code that 
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can modify the system close to force balance. Finally, the RCM, represented by the 

yellow region, solves for an ionospheric potential and tracks the drifting particles in the 

inner magnetosphere.  

 

3.2.2. Data Flow 

Variables are colored coded as rectangular boxes with the color representing their 

source. The direction of black arrow shows the direction of data flow. In each iteration, 

Figure 3.1  The flow chart illustrating the procedure to drive the RCM-E with global 
MHD. Variables in rectangular box are data transferring from one model/grid to another. 
Black arrow lines represent the direction of the data flow. 
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interpolated plasma properties, magnetic field BLFM, pressure PLFM, plasma density ρLFM, 

are interpolated from the LFM grid to an intermediate rectangular grid. The LFM 

simulation region is an axisymmetric region with its axis coincident with x-axis of SM 

coordinates system and over 200 RE in diameter, 30 RE upwind to 350 RE downwind in 

length. In terms of simulating plasma transport from plasma sheet to inner 

magnetosphere, the region of interest ranges from 10 RE upwind to 30 RE downwind in x 

direction and 12 RE on both sides in y and z directions. The intermediate grid is set to 

these dimensions with higher resolution near the equatorial plane and around X = -10 ~ -

5 RE.  

The procedure for using LFM as input for the RCM-E is as follows: 

1. A field line tracer follows the magnetic field to either the equatorial plane 

(closed field line) or the boundary of the box (open field line) of the rectangular grid to 

determine whether this magnetic flux tube belongs to the RCM simulation region. The 

RCM simulation region is the closed field line region, usually set as an ellipse on 

equatorial plane and connected to RCM ionospheric 2D grid by a magnetic flux tube.  

This will be subjected to change due to magnetic field changes from LFM model. The 

darker blue region in the light blue box is the RCM simulation region and at the 

beginning of the simulation (T = 0), we calculate flux tube volume (FTV) VLFM, flux-

tube-averaged pressure <PLFM> by field-line integral using LFM magnetic field in the 

whole RCM region.  

  (85) 
VLFM = ds

BLFM
∫
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   (86) 
 

These two variables yield plasma entropy <PLFM>VLFM5/3 and for the first iteration 

(T = 0), the RCM uses this entropy from LFM in its simulation region. At a given time, 

total entropy is a fixed quantity for each foot point within RCM 2D grid boundary that is 

saved for later use in the computation of updated pressures Pnew which we will describe 

below.  

2. For later iterations (T > 0), as the RCM enforces entropy conservation, the 

entropy parameter (PV5/3)RCM calculated in the last RCM call, marked in the yellow 

region in the white box, is used as the entropy initial condition of next RCM-E iteration. 

Combined with VLFM calculated at the new iteration, an updated pressure by Pnew = 

(PV5/3)RCM /VLFM5/3 is calculated. The RCM simulation region changes from last iteration 

as the MHD magnetic field, BLFM, is updated. For the region that overlaps with the old 

RCM simulation domain, the entropy parameter is taken from the last iteration; for any 

region that becomes part of the RCM simulation domain, its value is taken from the LFM 

as <PLFM>VLFM5/3.  

3. The updated pressure in the RCM region consists of Pnew in the old RCM 

domain and <PLFM> on any grid points that have been added to the RCM, marked in 

green in the light blue box. Outside the RCM region, the magnetic field BLFM and PLFM 

are used and passed to the MF equilibrium solver. The system is then relaxed close to 

force balance with to compute equilibrated PE, BE, marked in purple. 

< PLFM >=

PLFM
BLFM

ds∫
VLFM
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4. Along with plasma density ρLFM, the system in the purple box is initiating a 

new circle of RCM run. The field line tracer is called to update the RCM simulation 

region, flux tube volume VE, flux-tube-averaged pressure <PE> and flux-tube-averaged 

density <ρLFM> based on BE. The RCM uses <PE> and <ρLFM> to calculate flux tube 

content ηi,k before RCM runs. In the first iteration, ηi,k is computed for the whole 

simulation region; in later iterations, with record of old and updated RCM boundary 

locations, we choose to use ηi,k from last RCM run in grid points that are still within old 

RCM boundary and for grid points that newly enter into the simulation region, the ηi,k is 

set with results from the updated pressure <PE> and density <ρLFM>. 

5. In the panel represented by the yellow disk, MIX provides RCM with 

ionospheric conductances and potential boundary condition. Pederson and Hall 

conductances are interpolated from MIX grid to RCM ionospheric 2D grid, and the 

potential boundary condition is the interpolation of potential solution of MIX onto the 

RCM boundary. The RCM is then run for a fixed time T, and the output of time-

dependent potential distribution is solved by the RCM’s potential solver which is then 

used to move the plasma. The whole process above describes one complete LFM-RCM-E 

compute cycle. 

The test result of the coupling scheme will be presented and discussed in the next 

two chapters. 
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Model Results: An Idealized event 
Simulation 

4.1. Simulation Setup 

As described in the last chapter, the LFM-RCM-E is a one-way coupling model. 

Model data is generated from LFM-RCM to drive RCM-E while no information is sent 

back to the LFM-RCM. The simulation of an idealized event was conducted as two parts. 

First, the LFM-RCM was run for the whole event with results of global MHD data from 

LFM and ionospheric data from MIX. Second, the data are interpolated to RCM-E’s 3D 

Figure 4.1  IMF of the 24-hour idealized event. 
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rectangular grid and 2D ionospheric grid respectively to run RCM-E. Section 3.2 

describes the complete data flow. 

The 24-hour idealized event is designed to be two successive southward IMF in 

LFM solar wind input. It starts with northward IMF for 3 hours, then the first southward 

IMF for 3 hours, following another 3 hours northward IMF and finally the second 

southward IMF till the end of the simulation (see Figure 4.1). The magnitude of IMF is 5 

nT with direction parallel with z-axis in SM coordinates. Solar wind speed is constant at 

vx = 400 km/s, with particle density at 5 particles/cc and sound speed at 40 km/s. 

Conductance in MIX are set to be time-dependent and non-uniform that changes in 

response to field-aligned currents from the LFM. RCM self-computed conductance is 

another option that we could investigate. For now, MIX’s conductance is used.  

In RCM-E, the RCM ionospheric 2D grid resolution is set to be same as the RCM 

grid in LFM-RCM as a controlled parameter in for comparisons of the two RCM results. 

For the runs presented in this chapter, a resolution (latitude and longitude) of 200×100. 

LFM runs in a double resolution with a grid of 53´48´64 cells in radial, meridional and 

azimuthal directions and MIX in a 2°´2° latitude and longitude grid. RCM runs in non-

tilted mode in LFM-RCM, where the Earth’s rotation axis is assumed to align with the 

magnetic dipole axis. LFM-RCM and MIX outputs MHD and ionospheric quantities 

every single minute. The MF equilibrium solver takes MHD data and iterates to relax the 

system closer to equilibrium. It models the region in positive z direction, which means the 

calculation is only in the part above the equatorial plane. In addition, the RCM model is 

based on the assumption of north-south symmetry in the magnetic field when calculating 

Vasyliũnas equation. Using only the northern hemisphere region for the MF code saves a 
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factor of 2 of the computation expenses. It utilizes a rectangular grid with 129´119´41 

cells in x, y, z direction with higher resolution close to the equatorial plane and x = -10 ~  

-5 RE, where the bursty bulk flows/plasma bubbles start to brake and accumulate. The 

dimension of the grid is -30.6 RE to 12.6 RE in x direction, -12.2 RE to 12.2 RE in y 

direction and -0.08 RE to 12.5 RE in z direction. We found that 3000 iterations were 

sufficient to relax the magnetic field to approximate force balance. However, it is still 

computationally expensive to run the MF solver every minute. We conducted 

experiments with different coupling times and found that updating RCM-E every 2 

minutes with MHD data from LFM is a good balance between computation time and 

need of continuity in the changes of magnetic field geometry and plasma properties, 

especially during southward IMF period, when the field line geometry can undergo 

drastic changes. In this 24-hour idealized event, MF solver was called every 2 minutes 

and updated the RCM pressure and density, as well as RCM boundary location. RCM 

then simulates 2 minutes of magnetosphere time, outputting plasma condition and electric 

potential every single minute. Its ionospheric quantities - Pedersen and Hall conductance 

and potential boundary conditions updated every single minute from MIX.  

4.2. Simulation Results and Discussion 

4.2.1. High Resolution Bubbles 

During the 24-hour simulation, the LFM produced low entropy bubbles that come 

from the plasma sheet into inner magnetosphere during both southward IMF periods. 

Figure 4.2 shows an equatorial-plane view of such a low entropy (PVγ) bubble that enters 

RCM midnight boundary, moves sunward into inner-magnetosphere and joins the region 
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near geosynchronous orbit (the white circle) that has similar entropy with the bubble. The 

process lasts about 10 minutes during the first southward IMF period and the width of the 

flow is about 1 ~ 2 RE. In the second southward IMF period, which lasts longer for 15 

hours, more plasma bubbles were observed. Figure 4.3 shows multiple and successive 

bubbles injected from different MLT after IMF turns southward for 2 ~ 3 hours. After 5 

hours, a steady pattern of inflow forms. The depleted flux tubes enter continuously into 

inner plasma sheet through a “flow channel”. Due to plasma motion, the position of the 

flow channel is around midnight but deviates to the dusk side, as shown in Figure 4.4.  
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Figure 4.2 An example of a bursty bulk flow, transporting sunward from RCM 
midnight boundary in the first southward IMF period. BBF has smaller entropy to 
its surroundings. 
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Figure 4.3  Multiple and successive BBFs inject from different MLT after the second 
southward IMF continues for 2~3 hours. 
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Compared with same scenario in LFM-RCM, where the RCM simulation region 

is constrained by plasma - β ≤ 1, even at quiet times during northward IMF, RCM 

simulation region is limited in a circle with radius smaller than 10 RE (Figure 4.5 (a)). 

During storm time, when numerous plasma injections bring in flux tube content and form 

large pressure fronts, areas with plasma β growing larger than 1 are removed from the 

RCM simulation region (Figure 4.5 (b)). The RCM simulation region shrinks and the 

trajectories of bubbles are hard to resolve. The coupled scheme of LFM-RCM-E does not 

need the plasma β constraint and has a much larger and stable simulation region that can 

extend far out into the tail. It shows advantages and potential in simulating storm and 

Figure 4.4  A sample picked at T = 1271 min. 
After the second southward IMF lasts for 5 
hours, a steady injection pattern forms, with a 
low entropy flow channel continue to 
transport depleted flux tubes. 
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substorm-time plasma transportations and also the associated ring current and ionospheric 

potential, which is discussed in the next section.  

 

4.2.2. Model Comparisons of the Ionospheric Electrical Potential 

The LFM-RCM-E has another major difference with LFM-RCM: instead of using 

ionospheric electric potential calculated by MIX, the RCM computes its own potential 

and only takes MIX’s value as boundary conditions. In LFM-RCM, MIX computes the 

potential by solving current conservation equation with the Birkeland currents mapped 

from LFM; RCM takes MIX’s potential to move the plasma and renew the plasma spatial 

distribution. Although the two-way coupled mode in LFM-RCM allows renewed plasma 

pressure and density in RCM bleed back to the LFM in each coupling cycle, this 

(b) T = 10:23:00 (a) T = 08:20:00 

Figure 4.5  Two of RCM equatorial-plane views in LFM-
RCM run. Due to constraint of plasma - β ≤ 1, RCM 
simulation region is limited in a circle with radius smaller 
than 10 RE during (a) northward IMF period and (b) during 
the second southward IMF period, the region is reduced 
because of large pressure injections and shrinks to the 
geosynchronous orbit.  
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feedback is not well-resolved by the LFM due to the limited grid resolution in the inner 

magnetosphere. The resulting potential distribution in a new circle does not reflect many 

of the details associated with bubbles or flow bursts in RCM. In contrast, the RCM in 

LFM-RCM-E takes the MIX potential on its boundary only and solves the current 

conservation equation with Birkeland currents calculated by Vasyliũnas equation. RCM’s 

potential solver calculates the ionospheric potential that corresponds to the plasma 

distribution and dynamic structures, and in return, the potential moves the plasma to 

change the distribution. In this way, the ionospheric potential is always self-consistent 

with the plasma distribution and vice versa. Figure 4.6 (a) and (b) show the potential (in 

black contour lines) computed by LFM-RCM-MIX and LFM-RCM-E respectively at the 

same time snapshot during the second southward IMF period. There are large electric 

fields in the low PVg flow region in Figure 4.6 (b), but not very obvious in Figure 4.6 (a). 

Depending on the potential shown in Figure 4.6 (b), we can calculate the E´B drift 

velocity where the electric field E comes from inductive potential, the electrostatic 

potential and corotation potential, which are all available. Figure 4.6 (c) and (d) shows 

the E´B drift velocity directions and stream trace of the plasma flow. Not only can we 

observe the stream traces that coincide with bubble injections, but also vortices caused by 

the plasma inflow.  
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Figure 4.6 Comparison of potential with 5kV interval between two models at 
the same time. Denser potential contour lines appear around the injection 
flow in (b), that is how plasma distributions impact the ionospheric potential 
pattern. However, MIX potential in (a) cannot quite reflect it. Note the scales 
for PVγ are different. (c) and (d) shows the E´B drift velocity direction and 
stream trace of the plasma flow. 

(a) LFM-RCM, T = 11:47:00 (b) LFM-RCM-E, T = 11:47:00 

(c) LFM-RCM-E, T = 11:47:00 (d) LFM-RCM-E, T = 11:47:00 

Figure 4.6  Comparison of potential with 5 kV interval between two models 
at the same time. Denser potential contour lines appear around the injection 
flow in (b), that is how the plasma distributions impact the ionospheric 
potential pattern. However, MIX potential in (a) cannot reflect it. Note the 
scales for PVγ are different. (c) and (d) show the E´B drift velocity direction 
and stream trace of the plasma flow. 
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4.2.3. Model Comparisons in Pressure and Ring Current 

In this idealized event simulation, LFM and RCM-E coupling system causes an 

obvious difference in magnitude of pressure in the inner plasma sheet. Figure 4.7 shows 

the pressure distribution along x-axis during time of ring current (T = 06:40:00) from 

LFM-RCM and LFM-RCM-E. At midnight the peak pressure in LFM-RCM is about 3.5 

times of that in LFM-RCM-E. Nevertheless, the positions of the peaks are further out and 

the distribution of pressure is broader in LFM-RCM-E. The doubled peaks in LFM-

RCM-E are due to the plasma injections that have not been redistributed by drifting. The 

possible reason for the pressure difference may be due to two reasons: the RCM potential 

solver and the effect of MF equilibrium solver. To investigate the former, we conducted 

an experiment by using use the MIX’s potential to drive RCM-E. The settings are same 

with the LFM-RCM-E run, but the RCM potential solver is turned off. This run is 

labelled as the LFM-RCM(MIX)-E run. 

 

Figure 4.7  Pressure distributions along x-axis 
during time of ring current from two models. 
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Figure 4.8 shows pressure and potential results from these three runs. Figure 4.8 

(a), (d) and (g) are snapshots at 50 minutes after the first southward IMF initiates the 

plasma injection has not taken place. Figure 4.8 (b), (e) and (h) are snapshots taken when 

the ring current has formed, at 40 minutes after the first southward IMF ends. Figure 4.8 

(c), (f) and (i) are snapshots taken at 3 hours 20 minutes after the second southward IMF 

initiates with stronger ring currents built up. The magnitude and patterns of enhanced 

pressure are different among the three models. From the levels of pressure contours, we 

can see pressure in LFM-RCM run is in same order of magnitude with LFM-RCM(MIX)-

E run. They both use potential computed by MIX, while LFM-RCM(MIX)-E has relaxed 

magnetic field and pressure. The similar magnitudes of pressure indicate that the MF 

solver has limited effect on reducing the pressure.  

Then it comes to LFM-RCM-E and LFM-RCM(MIX)-E, where both use the MF 

solver to relax the plasma to approximate force balance. In both models, the RCM 

boundary locations are similar, which means they have similar potential boundary values 

from MIX. In LFM-RCM-E, the RCM calculates self-consistent electric potential and 

plasma spatial distribution. Hence, evolution of plasma pressure is consistent with the 

potential. This is not the case in LFM-RCM(MIX)-E, where a discrepancy between 

relaxed plasma configuration and MIX potential exists. A peak, shown by a red circle, 

sits there for quite a while which is abnormal in pressure distribution indicating the 

imposed potential does not redistribute such plasma content promptly. Lacking the 

feedback from plasma pressure to the driving potential results in a large number of 

injections bringing inner plasma sheet with heavy flux tube content. For LFM-RCM-E, 

the injected plasma pressure is smaller, and the results are much less dynamic. 
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These results suggest that a major reason for larger pressure in LFM-RCM and 

LFM-RCM(MIX)-E than LFM-RCM-E is that the electric field feedback from LFM-

RCM-E prevents plasma sheet content further entering the inner-magnetosphere, thus 

resulting in a lower buildup. This pressure reduction effect in LFM-RCM-E becomes 

(d) LFM-RCM(MIX)-E, T = 03:50:00 (e) LFM-RCM(MIX)-E, T = 06:40:00 (f) LFM-RCM(MIX)-E, T = 13:20:00 

(a) LFM-RCM, T = 03:50:00 (b) LFM-RCM, T = 06:40:00 (c) LFM-RCM, T = 13:20:00 

(h) LFM-RCM-E, T = 06:40:00 (g) LFM-RCM-E, T = 03:50:00 (i) LFM-RCM-E, T = 13:20:00 

Figure 4.8  Comparisons in pressure and electric potential among the three models before 
(T = 03:50:00) and after the ring current formation (T = 06:40:00) of the first southward 
IMF and at the ring current time during the second southward IMF (T = 13:20:00). The 
potential spacing is 5 kV. 
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more prominent during the prolonged second southward IMF period and apparently, 

LFM-RCM and LFM-RCM(MIX)-E produce larger pressure in the ring current region 

(Figure 4.8 (c), (f) and (i)).  

Figure 4.9 shows plots of deviations from Earth’s magnetic field at equatorial 

inner boundary as an estimate of the Dst index. The Dst estimate was done using a Biot-

Savart integration in the rectangular grid of the friction code region. In general, 

deviations of Bz are larger in LFM-RCM and LFM-RCM(MIX)-E than LFM-RCM-E due 

to a stronger ring current (larger inner plasma pressure). The curve labelled LFM-

RCM(MIX)-E has the most noise, a weak recovery phase after the first southward IMF 

period and largest Dst magnitude in the second southward IMF period, which indicate a 

result of the discrepancy between the relaxed plasma distribution and the external electric 

Figure 4.9 Estimates of Dst by calculating the north-south 
component of the magnetic field at the equatorial inner 
boundary for three runs. 
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field from MIX. The electric field could not effectively redistribute the aggregate plasma, 

nor prevent excessive pressure buildup. 

4.2.4. Model Comparisons in Ionospheric Field-Aligned Current 

In sections 4.2.1 – 4.2.3, the physical quantities are presented and discussed from 

the perspective of 2D equatorial plane. The field-aligned current (FAC) connects plasma 

space to the ionosphere. The Birkeland currents in LFM-RCM are calculated by the 

Ampère’s law,  computed at the LFM inner boundary and then mapped into 

MIX’s 2D ionosphere along dipole field lines, while in LFM-RCM-E, the Birkeland 

currents are calculated using the Vasyliũnas equation. The latter approach has the 

advantage of better grid resolution than the LFM. The RCM has a 2D high-resolution 

grid that can resolve fine structures, e.g., Birkeland current streamers and thin arcs that 

caused by the bubble or bursty flows.  

  

1
µ0

∇×B ⋅ b̂
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Figure 4.10  During the first southward IMF period, a substorm occurs. 
The left column is a time sequence of equatorial plane views of a large 
bubble injection and the right column is the corresponding ionospheric 
view of evolving FACs. The streamer and thin arcs caused by the bubble 
injection are clearly resolved. 
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Figure 4.10 shows a sequence of time slices of a substorm generated in the first 

southward IMF period. The left column is the equatorial plane view of the of the bubble 

transportation, that the bubble has a smaller entropy parameter than its environment and 

finally merges into the geosynchronous orbit where the surrounding entropy is similar to 

the bubble. The right column is the corresponding RCM ionospheric local view of the 

Birkeland currents (truncated at 35° in colatitude). The empty region in the around the 

pole corresponds to the open field line region that RCM does not cover. The red color 

represents the current flowing into the ionosphere; while blue color represents current 

flowing out of the ionosphere. At T = 04:23:00, a bubble enters the RCM simulation 

region and penetrates the plasma sheet (T = 04:27:00). A pair of downward/upward 

currents align from colatitude 15° to 25° at midnight during the process. When the bubble 

reaches geosynchronous orbit and merges with its surroundings a pair of 

upward/downward currents expands and intensifies around 25° in colatitude. At T = 

4:31:00, another thin arc with the opposite sign attached to the preexisting arc forms.  

Similar sequences of signatures of field aligned currents were reported by 

Nishimura et al. (2011) and Mende et al. (2011). The mechanism of the bubble induced 

upward Birkeland current was discussed and simulated (Nakamura et al., 2001; Yang et 

al., 2014). Nakamura et al. provided results of a statistical study of flow bursts that 

supports the idea that the bubble induced dawn-to-dusk electric field in turn propel the 

flow bursts and relates to the auroral streamers with its electron precipitation springing 

from the west edge of the flow. Yang et al. (2014)  simulated a substorm by setting a low 

PV5/3 at the midnight boundary and imposing a polar cap potential drop to simulate a 

substorm growth phase associated with a bubble penetration.  
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In the LFM-RCM-E simulation, the bubble generation is a spontaneous process. 

The PV5/3 boundary conditions of RCM are taken from LFM and ionospheric potential is 

calculated by RCM. The generation of streamer and thin arcs can be explained by RCM’s 

self-consistent Ionosphere-Magnetosphere coupling process and the direction and 

magnitude of FAC can be explicitly derived from the Vasyliũnas equation. At first, the 

bubble or burst flow has larger pressure since it brings in the hot plasma from the 

reconnection region, while its entropy PV5/3 is lower, since the low entropy flux tubes are 

peeled from inner magnetosphere to the tail by the solar wind during the initial phase of 

the storm and a part of the plasma content may get lost through reconnection. In Figure 

4.11 (a), the pressure has black contour lines and the flux tube volume (FTV) has green 

contour lines. A larger pressure and a smaller PV5/3 of the bubble lead to an even smaller 

flux tube volume (V), so the contour of V is circular with a smaller radius of curvature in 

the area of burst flow. The cross product of pressure gradient, ÑP (black arrow) with the 

gradient of V, ÑV (green arrow) produces Birkeland current flow out of the ionosphere 

(in blue) on the west edge of the bubble and into the ionosphere (in red) on the east edge 

of the bubble. In the ionosphere (Figure 4.10 (e)-(h)), the west edge Birkeland current 

corresponds to the streamer, and ionospheric electric fields are further enhanced pointing 

from red to blue, which in turn, strengthens the E ´ B driving force on the burst flow. 

The positive feedback accelerates and elongates the bubble in the middle plasma sheet. 

When the bubble reaches around x = -8 ~ -6 RE where the surrounding pressure is higher, 

the azimuthal pressure gradients on the east and west edges of the burst flows decrease; 

the gradient of V also becomes smaller at smaller L shells. As a result, the streamer fades, 

and E ´ B drifts goes down and becomes dominated by gradient and curvature drift. The 
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bubble brings in hot plasma content that accumulates around x = -6 ~ -5 RE and a radially 

compressed and azimuthally expended pressure island forms in the shape of semi-circle. 

The FAC thin arcs are formed due to the different radii of curvature of the pressure and V 

contours on the earthward side of the pressure island. The vectors of ÑP and ÑV form an 

angle and lead to an opposite FAC direction to the streamer. Figure 4.11 (b) and (c) show 

a comparison of the ionospheric Birkeland current between RCM in LFM-RCM-E and 

MIX in LFM-RCM. In MIX ionosphere, Region 1 and Region 2 currents are observed, 

while in RCM, Region 1 current is absent as it is outside the simulation region. The blue-

red arc pair in RCM locates at the same colatitude (around 25°) with the Region 2 current 

in MIX, but the thin arcs are much concentrated with a larger current density. In MIX, it 

is hard to resolve fine structures like streamer and thin arcs; the current distribution is 

spread with comparatively much lower density. The comparison shows the capabilities of 

RCM-E in calculating the ionospheric signatures of injection. It should be pointed out 

that the Vasyliũnas equation that calculates the FAC assumes a quasi-static system and 

MF solver helps to provide the force balanced condition. Physically, however, the 

timescales of bubble injections can be much shorter than the timescale for equilibration. 

However, Wolf et al. (2012) argued that the RCM-E while it misses inertial effects such 

as interchange oscillations (Panov et al., 2013), it can still reproduce the final equilibrium 

location of the bubble. It is a trade-off between an elegant but simplified model and it is 

encouraging to see the capabilities of the model. 
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Figure 4.11  (a) Birkeland current distribution on (a) the equatorial plane, (b) the 
full ionosphere of RCM in LFM-RCM-E and (c) the ionosphere of MIX in LFM-
RCM at T = 04:31:00. The red color stands for the positive Birkeland current that 
flow into the ionosphere; the blue color stands for the Birkeland current flowing 
out of the ionosphere. Note that the contour bars used for (b) and (c) are different. 
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4.3. Summary 

This chapter describes a one-way coupling scheme of a self-consistent 

ionosphere-inner magnetosphere model, the RCM-E, with a global MHD model, LFM-

RCM. Compared with previous RCM-E simulations using empirical global magnetic 

field and plasma models, the LFM-RCM-E model has an MHD-computed time-

dependent outer-magnetospheric plasma input driven by the solar wind. In each coupling 

interval, the RCM-E simulation region is updated with a new magnetic field; in the RCM 

region, the updated flux tube volumes produce a change in the pressure by enforcing 

entropy (PV5/3) conservation. The equilibrium solver evolves the hybrid system of 

updated pressure and magnetic field within RCM region and the MHD pressure outside 

RCM region to approximate force balance. Along with MHD density, the equilibrated 

pressure and magnetic field are used to update the RCM as well as new RCM boundary 

locations. The RCM ionospheric potential solver, uses the electric potential from the MIX 

solver as a boundary condition for its electric potential solver.  

In this chapter, we report the results of an idealized event simulation with this 

coupling scheme and compare with the output from LFM-RCM.   

   1. The new coupling scheme removes the need for the use of a plasma - β 

constraint in LFM-RCM and expands RCM simulation region further out into plasma 

sheet. The trajectory and evolution of process of the bubble or burst flow can be captured 

further out in the plasma sheet.  

   2. In LFM-RCM, RCM uses the ionospheric potential directly from MIX, the 

potential solver only communicating with LFM. The feedback from RCM goes to the 
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LFM, constrained by the limited spatial resolution of LFM earthward boundary. In 

another one-way coupling scheme, RAM-SCB driven by SWMF (Zaharia et al., 2010), 

the driving electric field for the ring current model comes from the potential solver in 

SWMF. In both cases, a direct communication between the ring current model and 

ionospheric electric field is absent. In our coupling scheme, we choose to use the built-in 

potential solver of RCM-E and thus directly connect the plasma to an ionospheric 

potential solver by the Birkeland current. The resulting electric potentials resolve the 

structures with the flow patterns in the plasma better than that in LFM-RCM. The RCM 

precipitation patterns on polar cap resemble the aurora observations during injection 

events.  

   3. During the ring current injection of this idealized event, LFM-RCM-E 

produces smaller pressure than that in LFM-RCM. We found the possible cause by 

experimenting with an LFM-RCM(MIX)-E run. RCM-E is driven by LFM-RCM with the 

RCM potential solver off and taking MIX’s electric potential. The resulting pressure is 

also larger than that in LFM-RCM-E, indicating it is the potential that makes the 

difference. The inconsistency between the relaxed plasma and the MIX potential, gives 

rise to a high-pressure region that takes a long time to blend in with the ring current 

region. We conclude that the built-in RCM potential solver is crucial to provide accurate 

feedback between the distribution of the plasma content and the ionospheric potential. 

The new coupling scheme of LFM-RCM-E shows promise in simulating storm 

and substorm-time plasma transport, ring current formation and associated ionospheric 

response. The next step is to apply this new model to some real events, where the model 

will be challenged with more drastic space weather condition.  The coupling scheme of 
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LFM-RCM-E is also applicable to couple with other global MHD models in the future.  
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Model Results: A Simulation of June 1st, 
2013 Storm   

5.1. The June 1st 2013 Storm 

The June 1st 2013 storm is selected for the real event simulation, in a purpose to 

test the LFM-RCM-E coupling scheme with more realistic space weather conditions. 

 

 

 

 

 

 

 

 

 

 

 

22:00, 05/30/2013 18:00, 06/01/2013 
Figure 5.1 Storm information: Bz component of the IMF, solar wind 
ram pressure and Dst index. Credit: High Resolution OMNI, NASA. 
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Figure 5.1 shows some information about this storm from OMNI data, which is 

the data averaged for every single minute of the near-Earth solar wind that propagates 

Figure 5.2 More details on the storm data for model input. The top to 
bottom are three components of IMF, three components of solar wind 
velocity, magnitude of the velocity and the ram pressure. 
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from the measuring spacecraft to the approximate magnetopause boundary. The first 

panel shows the Bz component of the IMF. Negative Bz lasts about 7 hours with value 

ranging from -20 nT to -15 nT, which is a considerable southward magnetic field 

component to cause a moderate or large storm. The solar wind flow pressure has a sharp 

increase from ~ 1nPa to 10 nPa during the initial phase of the storm. The large ram 

pressure could cause strong impact on the magnetopause and cut down the standoff 

distance (the distance from the Earth at which the geomagnetic pressure equal to the solar 

wind ram pressure). The Sym index, similar to the Dst Index but with higher time 

resolution, evaluates the geomagnetic field disturbance during the storm. During the 

period when the solar wind flow pressure increases while Bz is still positive, Sym index 

has a sudden increase of about 20 nT and the increment lasts about 10 hours. This marks 

the sudden commencement and initial phase of the storm, where the solar wind plasma 

flow exerts pressure on the magnetopause and the compression of the dayside magnetic 

field leads to an increase in the horizontal component of near-equatorial geomagnetic 

field. About 1 hour after IMF turns southward, Sym index starts to fall below zero and 

decreases all the way down to -135 nT, indicating the main phase of the storm. After the 

southward IMF ends, the Sym index gradually recovers to normal level and this recovery 

phase may take a few days.  

The simulation starts from 22:00, May 30th, 2013 to 18:00, June 1st, 2013 as 

marked by the red arrows in Figure 5.1. The period of quiet time lasts about 18 hours to 

stabilize the magnetosphere to avoid complete emptiness when the storm initiates. Since 

the recovery phase is pretty long, the simulation will only cover a part of it. Figure 5.2 

shows the solar wind condition in details during the time span of the simulation. The 
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OMNI solar wind data will be used as the upstream solar wind input to drive the global 

MHD model.         

5.2. Simulation Setup 

In RCM-E, the RCM ionospheric 2D grid is set to a resolution (latitude and 

longitude) of 200×150, where the longitudinal resolution has been increased, compared to 

the run of the idealized event. LFM still runs in a double resolution with a grid of 

53´48´64 cells in radial, meridional and azimuthal directions and MIX in a 2°´2° 

latitude and longitude grid. RCM runs in non-tilted mode in LFM-RCM, where the 

Earth’s rotation axis is considered to align with the magnetic dipole axis. LFM-RCM and 

MIX outputs MHD and ionospheric quantities every single minute. The MF equilibrium 

solver takes MHD data and iterates to relax the system closer to equilibrium. Its 

rectangular grid is the same with the one in the idealized event. As compared to the 

idealized event, the number of iterations was changed from 3000 to 2500 to save some 

computer time which is still sufficient to relax the magnetic field to approximate force 

balance. In this 44-hour simulation of the storm event, RCM-E is updated every 2 

minutes with MHD data from LFM; the MF solver was called every 2 minutes and 

updated the RCM pressure and density, as well as RCM boundary location; RCM then 

simulates 2 minutes of magnetosphere time, outputting plasma condition and electric 

potential every single minute. Its ionospheric quantities - Pedersen and Hall conductance 

and potential boundary conditions updated every single minute from MIX.  
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5.2.1. Adaptive Dayside Boundary 

One of the biggest challenges the LFM-RCM-E faces in the simulation of a 

moderate or large storm is determining the RCM simulation boundary in RCM-E, 

especially at the end of the storm initial phase and beginning of the main phase, where 

the magnetosphere faces strong impact from the large solar wind ram pressure and the 

dayside magnetic flux tubes are peeled off by the southward IMF. The location of the 

magnetopause may vary drastically during the time of IMF transitions. The RCM 

simulation boundary in RCM-E is set as an ellipse on equatorial plane and then RCM 

uses field line tracing and mapping to the equatorial plane to decide if it is closed field 

line. This could lead to inaccuracies in determining the boundary location when the solar 

wind direction has a large deviation from the perpendicular direction of the magnetic 

dipole axis. Some field lines mapped to the magnetopause region may be labelled to be 

within the RCM simulation region. As a result, dense plasma content in the 

magnetopause could be introduced into the RCM region which cause unrealistic plasma 

injection from the dayside. To avoid this situation, a routine was developed to determine 

the magnetopause inner boundary according to different solar wind conditions. 

Figure 5.3 shows the mass density of plasma on the equatorial plane, at (a) T = 

1040 min, quiet time and T = 1665 min, which corresponds to the beginning of main 

phase. The dark brown line is the magnetopause inner boundary was determined by the 

routine and the darker orange region on the left side of the line is the magnetopause 

region. From (a) to (b), the standoff distance is pushed earthward from x = 11 RE to 6 RE. 

There are two features at the magnetopause-magnetosphere boundary. First, the plasma 

density has a sharp decrease; second, the solar wind plasma flow is shielded on the 
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earthward side of the magnetopause. By utilizing these features, the routine is able to 

identify the boundary location which effectively ensures the validity of RCM simulation 

region.  

 

(a) T = 1040 min, quiet time 

(b) T = 1665 min, the beginning of main phase 

Figure 5.3  The mass density of plasma on the equatorial plane from LFM, at 
(a) T = 1040 min, quiet time and T = 1665 min, the beginning of main phase. 
The dark brown line is the magnetopause inner boundary determined by the 
routine.   
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5.3. Simulation Results 

5.3.1. Model Comparisons of Ring Current Buildup 

Figure 5.4 shows the equatorial plane view of plasma density at different stages of 

the storm. The left column is the RCM pressure in LFM-RCM and the right column is the 

RCM-E result from the LFM-RCM-E coupling run. The black contour lines show the 

ionospheric electric potential with 5 kV intervals. Since the magnetic field line is 

assumed to be an equipotential, the ionospheric potential is mapped to the equatorial 

plane without a change in magnitude.  

At T = 900 min, during quiet time, the inner magnetosphere is empty and the 

pressure is quite low and the electric field is weak during this time. At T = 1440 min, in 

the middle of the initial phase, the IMF has not turned to southward yet. Compared with 

quiet time, the standoff distance is smaller due to the increasing solar wind ram pressure, 

electric potential starts to build up while there is little plasma injection from the tail. The 

RCM simulation region in LFM-RCM starts to shrink, whereas in RCM-E, the tail region 

is unaffected.  

At T = 1800 min, during the main phase, apart from the ram pressure, the 

southward IMF reconnects with the dayside geomagnetic fields and drags the field lines 

into the tail, so the standoff distance gets even smaller. Strong ionospheric potential is 

formed and drives plasma sheet material flowing earthward by convection or bursty bulk 

flows. The simulation region of RCM-E is partly eroded from the tail which implies the 

lost area has turned into the open-field-line region. Inner-magnetospheric pressure 

substantially  
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T = 900min 

T = 1440min 

T = 1800min 

T = 2400min 

T = 900min 

T = 1440min 

T = 1800min 

T = 2400min 

Figure 5.4 Comparisons in pressure at different phases of the storm between models. 
From the top to bottom are T = 900 min, quiet time, T = 1440 min, the initial phase, 
T = 1800 min, the main phase and T = 2400 min, the recovery phase. The left 
column is the RCM pressure in LFM-RCM and the right column is the RCM-E 
result from LFM-RCM-E coupling run. The black contour lines show the electric 
potential with 5 kV interval. 
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increases especially on the nightside - a sign that the strength of the partial ring current 

has increased. 

When it comes to T = 2400 min, the recovery phase, IMF is northward again, the 

magnetopause standoff distance increases. The convection and bursty flows is much 

weaker and so is the electric field strength. The drifting inner-magnetospheric plasma 

closes the loop of ring current to diminish in time due to the process of particle loss. 

In this storm event, the magnitudes of pressure are quite similar in the two 

models. Both models experience strong plasma sheet injections during this moderate 

storm and the advantage of large and stable simulation region in RCM-E is evident. 

5.3.2. Bursty Bulk Flows 

During the storm main phase, bursty bulk flows are generated. Comparisons of 

bursty bulk flows between models are shown in Figure 5.5. The top and bottom rows 

show snapshots of the entropy parameter pVg at T = 1700 min and T = 1740 min during 

the storm main phase. The left side is the RCM result where the RCM simulation region 

is eroded by the plasma injection according to the plasma b < 1 constraint. The right side, 

RCM-E maintains its simulation region very well. The flow channels are coincident with 

enhanced electric potential contours. Unlike the idealized event, where a big low entropy 

bubble forms in the first southward IMF period and leads to a large substorm, the plasma 

injections are mostly in the form of low entropy flow channels that are 1 ~ 2 RE in width 

coming from wide area of depleted region at tail. The bursty flows are large in size and 

strength at the beginning of the main phase and then gradually decrease in number in the 

later phase. The Dst index generated from runs reflects the strength of plasma injection 
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and plasma content buildup in the inner magnetosphere, which will be discussed in the 

next section.      

 

 

 

 

 

 

 

 

 

 

 

 

5.3.3. Model-Data Comparisons of Dst Index  

The Dst index estimate obtained from the two models are generated by Biot-

Savart integration. Figure 5.6 shows the comparisons of the Dst curves generated by the 

Figure 5.5 Comparisons of bursty bulk flows between models during the storm main 
phases. The top and bottom rows show snapshot of the entropy parameter pVg at T = 
1700 min and T = 1740 min during the storm main phase. The left side is the RCM 
result where the RCM simulation region is eroded by the plasma injection according to 
the plasma b < 1 constraint. The right side, RCM-E maintains its simulation region 
very well. The flow channels are presented with consistent electric potential contour. 

T = 1700min T = 1700min 

T = 1740min T = 1740min 
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models and their deviations to the Sym-H data. The curves estimated by the models are 

adjusted to have the same mean value during quiet time.  

In general, the Dst curves from the simulations are similar to the observational 

Sym-H data. The red curve (LFM-RCM-E) and blue curve (LFM-RCM) are almost the 

same during quiet time, since RCM-E uses LFM-RCM input as boundary condition and 

there is little plasma injection to make any difference. Later in the initial phase, the LFM-

RCM-E shows a better agreement compared with Sym-H, while the LFM-RCM 

underestimates the change in Bz by 15 nT. It could due to the magneto-friction solver in 

RCM-E which balances the geomagnetic field and the strong solar wind ram pressure at 

the magnetopause region. During the main phase, the two models give similar estimates 

Figure 5.6 The top panel shows the Dst index obtained from observed 
Sym-H (green) and the two models, LFM-RCM (blue) and LFM-RCM-E 
(red). The deviation of the Dst estimate from Sym-H data is shown in the 
bottom panel.  
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but both overestimate the decrease in Dst especially in the later stage of the main phase. 

LFM-RCM curve is closer to Sym-H data in the recovery phase. Referring to the pressure 

distribution in Figure 5.4, during the recovery phase, the partial ring current evolves to a 

steady ring current in RCM-E which contributes to the negative Bz, while it is not the 

case in LFM-RCM. Although RCM-E produces a larger discrepancy in the recovery 

phase, it has a similar positive slope to Sym-H data compared to a faster increase in Dst 

from LFM-RCM.   

5.3.4. Data-Model Comparisons with Van Allen Probes Data  

The Van Allen Probes (VAP) are a pair spacecraft equipped with identical 

instruments to measure physical quantities, such as composition and energy of the 

trapped particles, the electric and magnetic fields, etc., in the radiation belt in order to 

observe the fluctuations in both space and time, especially during storm/substorm events. 

Figure 5.7 shows the conceptual image of the two spacecraft in their orbit, with apogee 

radius of 5.78 RE and perigee radius of 1.1 RE.  

Figure 5.7  Conceptual image of NASA’s Van Allen Probes twin spacecraft 
traveling through the radiation belt. Credit: Andy Kale, University of 
Alberta. 
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VAP data of the June 1st 2013 storm including the spacecraft location, 

measurement of proton pressure and magnetic fields components are provided by Dr. 

Matina Gkioulidou, Applied Physics Laboratory, Johns Hopkins University. The 

simulated length of the event is 44 hours, during which VAP experienced 5 orbits. Figure 

5.8 shows the trajectory of the spacecraft moving anti-clockwise in the SM coordinates 

with each orbit coded in different color. The top row shows the magnetic-equatorial view 

of the orbits within 90° to 225° in magnetic longitude. The trajectory of each orbit is 

truncated at low radial distance near 2.7 RE, due to measurement interruption.   

Figure 5.8  Orbits of VAP during the storm. The sequence of the orbits are 
color-coded. The blue sphere is the Earth’s with radius of 1 RE. 
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The bottom row shows the views on Y-Z plane and X-Z plane which helps to 

resolve the sequence of the 5 orbits. The spatial distribution in z direction is limited 

within 0 ~ 2 RE.  

Since the electron pressure is negligible compared with the proton pressure, the 

proton pressure is used as the total pressure in the model-data comparisons. Figure 5.9 

shows the logscale pressure plots in each orbit marked by the radial distance in dashed 

brown line. The pressure from the model is calculated by 3D interpolation in the 

rectangular grid at the location of VAP at each time point. The first two orbits fall within 

the quiet time period where the measured pressure is around 0.01 ~ 10 nPa, while the 

pressure from the models are quite low, since the magnetosphere is empty when the 

simulation starts. The modeled pressure increases to a comparable value at the end of the 

quiet time and matches the measurement fairly well in the initial phase (the 3rd orbit) 

when the spacecraft goes beyond 5 RE in radial distance. During the main phase, which 

Figure 5.9 Plasma pressure obtained from the meausement of Van Allen Probes 
(green) and from two models LFM-RCM (blue) and LFM-RCM-E (red). The 
dashed brown line stands for the radial distance from the Earth’s of the 
spacecraft. 
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coincides with the 4th orbit of VAP, the measured pressure has strong fluctuations and its 

magnitude is about a few times smaller than the simulated pressure. The pressure 

fluctuations may be a result of the plasma waves and magnetic flux tube oscillations 

generated by the impact of the solar wind and strong plasma injection, which the MHD 

and ring current models could not capture. The high speed bursty flows cause vortical 

streams in the region around it, the spacecraft that travels through these moving flux 

tubes with different pressure would observe fluctuating pressures. In the 5th orbit, the 

recovery phase, the pressure difference between data and the models becomes smaller 

and the shape of the curve matches each other fairly well. The pressure of LFM-RCM has 

a closer fit to the data, while LFM-RCM-E estimated pressure is a bit larger, which is 

consistent with the result of the Dst estimate. 

Figure 5.10 shows the model-data comparisons in magnetic field component. dBx 

dBy and dBz are the deviation from the International Geomagnetic Reference Field 

(IGRF) of the three geomagnetic field components obtained from the measurement of 

VAP and from two models. IGRF is a parameterized mathematical model of the large-

scale Earth’s magnetic field based on historical data. It is used as a reference to allow the 

model-data comparison made in the difference to the reference field. Dashed black line is 

for IGRF, so the value is zero. During the storm initial phase and main phase, dBx of data 

and models are above zero and dBz below zero, which means the nightside magnetic field 

are stretched tailward, or, stretched and titled toward -z direction, resulting an increased 

Bx and decreased Bz. The measured magnetic field is larger in dBx and dBz than the 

modeled pressure, which implies a stronger stretch or tilt in reality.  
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The model-data comparison in magnetic fields help to explain the large model-

data pressure difference in orbit 4. Figure 5.11 shows the pressure profile produced by 

LFM-RCM-E during the storm main phase at T = 1800 min. 2D slices are at x = 5.00 RE, 

y = 0.73 RE and z = 0.00 RE. The black dot marks the spacecraft location at (-5.00 RE, 

Figure 5.10  Deviation from IGRF of three geomagnetic field components obtained 
from the meausement of VAP (green) and from two models LFM-RCM (blue) and 
LFM-RCM-E (red). The dashed black line is for IGRF. Dashed brown line stands for 
the radial distance from the Earth of the spacecraft. 
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0.73 RE, 1.70 RE ). The pressure contour reflects the shape of magnetic field line as the 

pressure is homogeneous in the magnetic flux tube. At location (-5.0 RE, 0.73 RE, 1.70 

RE), the spacecraft should be in a flux tube with smaller pressure, so it is more likely that 

the nightside magnetic field is stretched and tilted toward -z direction instead of being 

stretched tailward, otherwise, larger pressure should be observed.  

 

The pressure magnitude in orbit 4 is smaller than that in orbit 5. Comparing the 

location of the spacecraft in these two orbits, orbit 4 is about 1 ~ 2 RE  above the 

magnetic equatorial plane, while orbit 5 is basically in the equatorial plane and for the 

Figure 5.11  Pressure profile at T = 1800 min (in orbit 4) produced by LFM-RCM-E. 
Three 2D slices are at x = 5.00 RE, y = 0.73 RE and z = 0.00 RE. The black dot marks 
the spacecraft location at (-5.00 RE, 0.73 RE, 1.70 RE). 
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same radial distance, the spacecraft travels through magnetic flux tubes with larger 

pressure. Therefore, although it is during the recovery phase, the pressure measured in 

orbit 5 is larger than the measurement made in the storm main phase. Despite the model-

data difference in Bx and Bz, the model gives a good estimation to the observation in By. 

5.3.5. Discussion and Future Work 

The biggest challenge in a real storm event simulation with LFM-RCM-E is the 

model is driven by solar wind data that is has variable orientations and strong flow 

pressures. Strong southward IMF component and large ram pressure could lead to 

unstable simulation region of RCM. This problem has been solved by applying an 

adaptive dayside boundary on the magnetic equatorial plane in this simulation. However, 

we believe that the main cause of the differences in the RCM simulation region by the 

field line tracing algorithm, is the symmetry assumption used in the version of the RCM-

E. It assumes north-south symmetry, which is inaccurate for the realistic variations of 

solar wind direction and IMF orientation. In the current version, the field line tracer 

traces a geomagnetic to the equatorial plane and considers this field line to be closed. 

Because it basically assumes the southern half of the magnetosphere is symmetrical to the 

northern half and the field line would continue from the magnetic equatorial plan to the 

southern magnetic pole. In some cases, this assumption holds, but under some solar wind 

conditions, the field line maps to the magnetopause region and connect to IMF in the 

southern half space which the model doesn’t know. The assumption can also cause 

inaccuracies in the estimation of flux tube volume and field aligned integration, which are 

important in determining the entropy parameter, plasma density and pressure, that are 

important for the RCM calculation. Figure 5.12 shows a snapshot of pressure profile from 
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LFM-RCM on the X-Z plane at y = 0.00 RE . The MHD data from LFM-RCM assumes 

no symmetry space but is used as input to RCM-E. The solar wind makes the 

geomagnetic dipole titled in SM coordinates, especially in larger L shell region, so the 

assumption of north-south symmetry does not hold.                  

A simple solution to this is to use with the assumption of north-south symmetry in 

the magnetic field when calculating Vasyliũnas equation, but assume no symmetry in 

field line tracing and field-aligned integration. It could resolve the issue of 

misclassification of open/closed field line and improve the accuracy of magnetic field 

related calculation. This change will double the simulation time in RCM-E, but this can 

Figure 5.12  A snapshot of pressure profile from LFM-RCM on the 
X-Z plane at y = 0.00 RE taking at the storm initial phase. For a 
reference of the physical scale, the length of the rectangular grid cell 
(red mesh) equals to 20 RE.   
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be compensated by applying a parallel version of the friction code that has been 

developed. This remains the subject of future work. 

Nevertheless, the model does a reasonable job in simulating the storm time ring 

current formation, storm/substorm related injections and estimation of the Dst index. 

When comes to the data-model comparison in this event, it is found that the geomagnetic 

field could be more tilted in reality than the simulation. LFM-RCM uses the solar wind as 

the upstream driver and the solar wind data comes from observational data from 

spacecraft, which is impossible to cover large spatial area. The underestimate of the 

magnetic field tilt could be a result of the inaccurate solar wind input limited by 

constraints in observation. However, it is encouraging to see what the models have 

achieved in this real storm simulation and this coupled model to be a powerful tool to 

study other events  in the future.  
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Diffuse Electron Precipitation in M-I-T 
Coupling 

6.1. A Coupled Magnetosphere-Ionosphere-Thermosphere Model 

In section 2.4, a coupled model of magnetosphere and ionosphere, the LFM-

RCM, was introduced. The magnetosphere-ionospheric coupling solver (MIX) integrated 

in the global MHD  - LFM code, calculates ionospheric electric field, field-aligned 

current and electron precipitation in each M-I exchange (Merkin & Lyon, 2010). The 

electron precipitation including energy flux,  and number flux,  are used to 

calculate the Pedersen and Hall conductance following an empirical fomula proposed by 

Robinson et al. (1987) as 

  (87) 

  (88) 

where  is the average energy of the elections. 

FE FN

∑P =
40E
16+ E2

FE
1/2
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Ionospheric conductivity is crucial for accurate compuation of field-aligned 

current and ionospheric potential which feeds back and impacts the MHD 

magnetospheric calculation. A more realistic and self-consistent height-integrated 

ionospheric conductivity, that includes neutral wind currents can be acquired by coupling 

to the Thermosphere-Ionosphere-Electrodynamics General Circulation Model (TIEGCM) 

(Richmond et al., 1992; Roble et al., 1988). TIEGCM solves the equations of mass 

continuity, momentum and energy for O+ and the ionizable neutral constituents such as 

N2, O2 and O and gives their spatiotemporal density distribution. This allows the model to 

calculate the production rate of ionized species, N2+, O2+, O+ and N+ using the ionization 

rate (Jones & Rees, 1973). Therefore, the electron density can be tracked and used for 

calculation of ionospheric conductivity.  

In the coupled model of LFM-RCM-TIEGCM (Lin et al., 2019) (Figure 6.1), 

MIX calculates the electron precipitation using the plasma mass density, temperature and 

magnetic field passed from LFM (Fedder et al., 1995) as well extreme ultraviolet (EUV) 

condition. TIEGCM receives electric field and electron precipitations from MIX in order 

to drive thermospheric species by  drift and determine the ionization rate. MIX, on 

the other hand, takes height integrated ionospheric conductivity distribution and neutral 

wind current from TIEGCM. Combined with the field-aligned current calculated by 

Ampere’s law at the earthward boundary of LFM, MIX is able to solve the electric 

potential at each iteration. The purpose of the RCM is to redistribute the inner 

magnetosphere plasma according to plasma drift physics and also  drift computed 

E×B

E×B
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by MIX’s potential calculation and to update LFM with the pressure, density and sound 

speed in the region the RCM covers.  

6.2. Electron Precipitation in LFM-TIEGCM-RCM 

In terms of the type of electron precipitation, in the LFM-TIEGCM-RCM model 

discussed here, the MIX electron precipitation is mainly mono-energetic, combined with 

diffuse auroral precipitation, based on the kinetic relation proposed by Knight (1973) and 

further developed by (Fridman & Lemaire, 1980). The mono-energetic electron 

Figure 6.1  Flow chart of the LFM-RCM-TIEGCM coupling scheme, modified from 
Lin et al. (2019).  
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precipitation is produced by the electrons that traveling along the magnetic field line 

propelled by the quasi-constant potential drops. The energy of these type of electrons can 

reach 1 ~ 10 keV, which is considered as hard electron precipitation. For those electrons 

that do not move exactly parallel to the field line, they are performing gyromotion, 

bounce motion, thus are trapped by the field line. A fraction of these particles are in a 

loss cone where they can reach to the atmosphere, at an altitude of around 100 km, and 

precipitate. This results in the diffuse auroral precipitation. There is also broadband 

electron precipitation, which is believed to be a result of electron accelerated by 

dispersive Alfvén waves (DAWs) (Chaston, 2003; Chaston et al., 2000, 2003; Ergun et 

al., 1998), but is not considered in these models.  

The inner magnetosphere ring current model, the RCM, is also capable of 

computing diffuse precipitation and can give a more accurate description of trapped 

charged particles. It has about 30 energy channels for electrons and about 60 energy 

channels for protons evolved by the advection equation of each channel in plasma b < 1 

region. The contribution of each channel is calculated from assumed Maxwellian 

distribution at the RCM simulation boundary, using plasma density and temperature 

given by LFM. Therefore, the RCM is able to compute the diffuse electron precipitation 

over all energy channels that is a better estimate than the diffuse aurora computed by 

MIX. Detailed calculations will be presented in the next two sections. 

6.2.1. Electron Precipitation from MIX 

The electron number flux of electron given by Knight relation (Knight, 1973) is  
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 (89) 

where  is the Boltzmann constant, ,  are electron charge and mass,  and  are 

electron number density and temperature in the magnetosphere before precipitation.  

and  are the magnitude of magnetic field at the electron location before (in the 

magnetosphere) and after (on the ionosphere) its precipitation and  is the potential drop 

along that field line. The potential drop is assumed to be proportional to the field-aligned 

current  from an external input, and in this case, it is calculated at the LFM earthward 

boundary.  is given by  

  (90) 
and the kinetic energy acquired by electron during the precipitation is 

  (91) 
where  is the plasma mass density at LFM earthward boundary,  is a constant 

determined by an anomalous resistivity, in this case,  = 8.37´10-2. The electron thermal 

energy in the magnetosphere is given by 

  (92) 
and it is related to the sound speed,  in the single fluid plasma provided by LFM with a 

parameter . 
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In the case of zero potentical drop, which stands for the diffuse portion in the 

electron precipitation, equation (89) yields 

  (93) 
and expressed in terms of LFM variable is 

  (94) 
where the parameter  is the degree of loss cone filling in the initial location of the 

election, and is set to 0.436. 

To include the EUV illumination effect in the electron precipitation, the plasma 

mass density is modified to  

  (95) 
where  is the Pedersen conductance driven by EUV and  is a conversion factor 

which is adjustable, taking 1.65´10-24. Thus, (98) can be modified to 

  (96) 
The average total energy of the precipitating electron is  

  (97) 
so the energy flux of the electron precipitation is  

  (98) 
The adjustable parameters, a, b, h and R are chosen to optimize the model-data 

agreement.   

FN ,0 = Ne
kBTe
2πme

⎛

⎝⎜
⎞

⎠⎟

1 2

FN ,0 = βLCρEM
1 2

βLC

ρmax = max ηEUVΣP ,ρ( )
ΣP ηEUV

E! = eV =
REM

1 2

ρmax
J!

E = EM + E!

FE = EFN



 
111 

 

6.2.2. Electron Precipitation from the RCM 

In the RCM, the charged particles trapped in the geomagnetic field are assumed to 

follow the Maxwellian distribution and have isotropic pitch angle distribution. RCM’s 

multi-fluid formalism yields about 30 electron energy channels featured with different 

kinetic energy invariant from low to high, so the total number/energy flux would be a 

sum, as 

  (99) 
To approximate the sum as an integral: 

  (100) 
The parameter  is the precipitating number/energy flux in the RCM at channel

, and is the plasma sheet distribution function for channel . Then the electron 

energy flux and number flux at the kth channel are given by 

 (101) 
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  (103) 

The parameter  is a fudge factor that represents the rate at which the 

distribution function is reduced inside the loss cone. In strong pitch-angle scattering 

plasma the parameter  is unity, but the RCM assumes that for the central plasma sheet 

it lies between 1/3 and 2/3 according to Schumaker et al. (1989). The parameter  

represents the magnetic dip angle defined as, , where  is the unit vector in 

the direction of the magnetic field, and  is the unit vector in the vertical direction. The 

backscatter of the electron is not considered, so we only consider  between 0 and 

in the velocity space and  for the precipitation flux. 

From (101) and (102), under the Maxwellian distribution, the average energy over 

all energy channel is 

  (104) 
where the fudge factors has been taken out of the integrals and get cancelled as an 

approximation. To express  in terms of RCM variables, the total number of electrons 

in a flux tube is  

  (105) 
and the total kinetic energy carried by the electrons in a flux tube is 
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  (106) 
so the average energy of each electron is 

  (107) 
which yields 

  
(108) 

Bringing (108) into (104) and it gives  

  (109) 
The way to calculate the total energy flux in the RCM is, first, to calculate an 

effective plasma-sheet electron density over all the channels 

  (110) 
Then, an approximate thermal electron current (electron number flux) over all 

channels is given by 

  (111) 

where the number density of precipitating electron is  with backscatter neglected. 

The averaged precipitating velocity is 
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  (112) 
The energy flux of over all channels in RCM is 

  (113) 

  (114) 
where the expressions for  and  have been given in (110) and (108). 

6.2.3. Motivation and Effects on the Ionospheric Conductivity 

The ionospheric electron precipitation model of MIX defined by Fedder et al. 

(1995) gives the electron precipitation profile, mostly mono-energetic aurora, where the 

precipitating electrons are accelerated by field-aligned potential drop. From (94), the 

“diffuse” aurora in MIX only exists at places that potential drop is zero with the electron 

energy equal to its thermal energy. The RCM is able to reproduce the diffuse 

precipitation from its multifluid formalism with assumption of zero potential drop in its 

simulation region.  
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The RCM describes the drift physics of inner magnetosphere plasma with high 

resolution and meanwhile it produces Region 2 current or other ionospheric signatures of 

dynamics in the plasma sheet. As it has been shown in the last section, the diffuse 

precipitation is directly related to , the spatiotemporal distribution of trapped electrons. 

By adding the RCM diffuse precipitation channels into the ionosphere of LFM-RCM-

TIEGCM, the feedback communication between RCM and LFM will be strengthened. 

The ionization rate in the upper ionosphere is determined by electron precipitation and it 

will be affected by the electron precipitation from MIX and RCM. It further determines 

the abundance of atmospheric ionized molecules and atoms and thus, the electron number 

density profile. The ionospheric conducitvity is a result of electron-neutral and ion-

neutral collisions which is determined by the number density of related particles. The 

dynamic change in ionospheric conductivity and its feedback to the electric potential and 

the magnetosphere-ionosphere system is crucial in the study of storm-time acitvity.  

The ongoing collaborative project with NCAR aims to study the dynamics of 

subauroral polarization streams (SAPS) and its impacts on the entire M-I-T system. 

SAPS are westward high-speed plasma flow that mostly observed at dusk-to-evening 

sector in a confined region about 5° in latitude, equatorward to the auroral electron 

precipitation. It implementation of the RCM diffuse precipitation channels in LFM-

RCM-TIEGCM may help the model to produce a responsive conductivity and electron 

density profile to the auroral precipitation during an SAPS event simulation. The thesis 

presents preliminary results on the conductivity response, whereas the SAPS related 

study is not yet conducted and will not be included in this thesis. 

ηk
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6.2.3.1. Total Auroral Ionization Rate 

The precipitating electrons substantially effect the auroral ionization rate. In 

TIEGCM, the calcuation of the ionization rate follows the analytic relation of the total 

ionization rate of a monoenergetic, unidirectional incident electron stream into the 

Earth’s upper atmosphere (Lazarev, 1967), which gives 

  (115) 
where  is the intensity of the electron stream (e.g. the electron number flux) in #/(cm2 

s),  is the effective energy consumption per ionization of the atmospheric 

air with mass density  in g/cm3,  is the energy of the incident electrons in keV,

 is the normal depth of eletron penetration, defined as the mass per unit area 

that causes a decrease in intensity to 1/e of the incident, where  and 

. The parameter  and in g/cm2 is the atmospheric columnar mass at 

height of .  is a dimensionless energy dissipation function proposed by Lazarev 

(1967), given by 

  (116) 
For a stream of monodirection electrons but with a Maxwellian energy 

distribution, the total ionization rate is modified to 

  (117) 
where  is the characteristic energy, which equals to a half of the mean energy in the 

Maxwellian distribution. A numerical expression after being parameterized by a least 

square fit is given by 
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  (118) 

where paramenter  and  is the scale height in cm defined as 

  (119) 
where  is the Boltzmann constant,  is the atmospheric temperature,  is the average 

molecular mass in the atmosphere and  is the gravitational accelaration. The expression 

of  is 

  (120) 
and the coefficients  are constants determined by the numerical fitting. 

In TIEGCM, the electron precipitation may come from different sources. For 

single-fluid LFM-RCM-TIEGCM model, it is a combination of MIX monoenergetic 

electron precipitaion and RCM diffuse electron precipitation after the channel has been 

added, so the total ionization rate is a sum of the ionization rates contributed by each 

individual source of precipitation. One thing to notice is that, as both MIX and RCM pass 

the average energy of the electron precipitation to TIEGCM, instead of a broadband of 

energy channels, the average energy is used as the mean energy ( ) in the A 

Maxwellian distribution and also used as the energy of the incident electrons ( ).    

6.2.3.2. Ionospheric Conductivity 

Once the total ionization rate has been determined, the next step is to determine 

the production rates of atmospheric ionized molecules and atoms e.g., N2+, O2+, O+ and 
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N+. The density profile of related neutrals (N2, O2, and O) are updated by the equations of 

mass continuity, momentum and energy during their convection. The production rates of 

the corresponding ions are proportional to the ionization rate in a function of the neutral 

densities. The production rate of O+ is used in the steady-state O+ equation with 

consideration of diffusion, in order to solve for the O+ density distribution. As for N2+, 

O2+, N+ and NO+, the density can also be solved under the assumption of photochemical 

equilibrium with the O+ density profile. The photochemical equilibrium is essentially an 

equilibration of the production and loss of these charged particles in the ion-neutral 

chemical reactions and the electron density profile  can also be derived from it. The 

specific equations and derivations can be found in Roble & Ridley (1987). 

The electron number density profile determines the ionospheric conductivity and 

the Pedersen and Hall conductivities are given as 

  (121) 
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where  and  are the angular gyro-frequency of electrons and ions, respectively, in 

upper atmosphere, in this case 

  (126) 

  (127) 
where  is the averaged ion mass of related ion particles.  and  are the electron-

neutral and ion-neutral collision frequencies, which refers to Schunk & Nagy (1978). 

 (128) 

 (129) 
The circulation model of neutral gas is 3-dimentional and so is the conductivity 

profile. An integration over altitude is needed to obtain the Pedersen and Hall 

conductance for MIX to use.  

6.3. Implementation of the RCM Precipitation Channels 

Six communication channels have been implemented between RCM to the 

ionospheric solver, MIX. They are 1) field-aligned current, 2) electrons number flux, 3) 

electron energy flux, 4) proton number flux, 5) proton energy flux and 6) RCM 

simulation region 0/1 map. The proton precipitation channels are reserved for future 

upgrade in RCM and sending null values for now. These values of variables are passed 

from RCM’s ionospheric 2D grid onto MIX’s 2D grid at each communication cycle. 

Since RCM and MIX have different grid and maybe different coordinate systems 

under certain working mode, interpolation and grid transformation routines are needed as 

shown in the table. Two working modes of RCM in LFM-RCM-TIEGCM: 
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1. RCM Dipole-tilt OFF:  

RCM assumes there is no dipole-tilt in the geomagnetic field, which means the 

Earth’s magnetic dipole axis and the Earth’s rotation axis are in the same 

direction. RCM’s and MIX ionospheric variables and MIX are both in the SM 

coordinates, where the z-axis is pointing northward and parallel to the Earth’s 

magnetic dipole axis and the y-axis is perpendicular to the plane that contains the 

dipole axis and the Earth-Sun line. The non-tilted mode is a simplified description 

of the plasma corotating with the Earth and the co-rotation effect is reflected in 

the extra term in ionospheric electric potential.  

2. RCM Dipole-tilt ON:  

The dipole-tilt exists in the geomagnetic field, which means the Earth’s 

magnetic dipole axis keep rotating around the Earth’s rotation axis. RCM 

ionospheric variables are in the geographic coordinate which is different from 

MIX’s SM coordinates. An extra coordinate transformation is needed under this 

mode. 

 

For each grid point (x, y) on MIX grid in SM coordinates: 
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6.4. Idealized Event Simulations 

The functionality of the RCM precipitation channels to MIX has been tested 

under both RCM working modes. This section presents a pair of idealized event 

simulations with and without RCM electron precipitation in LFM-RCM-TIEGCM to 

evaluate the difference of the response in the ionospheric conductance.  

6.4.1. Simulation Setup 

The 24-hour idealized event is the same with the one in chapter 4 with two 

successive southward IMF intervals in the LFM solar wind input. It starts with northward 

IMF for 3 hours, then the first southward IMF for 3 hours, following another 3 hours 

northward IMF and finally the second southward IMF till the end of the simulation. The 

magnitude of IMF is 5 nT with direction parallel to the z-axis in SM coordinates. Solar 
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wind speed is held constant at vx = 400 km/s, with particle density at 5 particles/cc and 

sound speed of 40 km/s. 

In both runs of LFM-RCM-TIEGCM, the exchange frequency between LFM and 

MIX has been increased to every 5 seconds and between LFM and RCM, every 10 

seconds to avoid numerical instability due to large gradients generated between 

exchanges in plasma variables. The grid resolution of LFM is 106´96´128 and the 

numerical resolution is quad; MIX uses a grid resolution of 1°´1° in magnetic latitude 

and longitude with the lower latitude boundary has been extended from 45° to 60° in 

colatitude to match RCM lower latitude boundary; RCM uses a 200´100 (magnetic 

latitude and longitude) grid and 90 energy channels among which 28 channels are for 

electrons and 62 for protons; TIEGCM has a grid with 1.25°´1.25° in resolution for each 

cell. 

In the coupling of LFM and RCM, when RCM calculates the temperature of 

proton and electron from plasma pressure and density given by the LFM model, the ratio 

in equation (58) is decreased to 4.0 based on recent observational result given by 

Grigorenko et al. (2016), which shows the proton-to-electron temperature ratio should be 

smaller than 7.8 (Baumjohann et al., 1989). This change may avoid the electron 

temperature being too cold that the average energy and number flux of the electron 

precipitation would be underestimated.  

The RCM electron precipitation is a controlled parameter in the runs. In Run 1, 

the electron precipitation passed to TIEGCM comes only from MIX (Fedder95); in Run 



 
123 

 

2, the precipitation channels from RCM has been connected to MIX and passed to 

TIEGCM, working together with Fedder95.    

6.4.2. Results and Discussion 

6.4.2.1. Ionospheric Conductance 

The top and bottom row in Figure 6.2 shows a snapshot of Pedersen and Hall 

conductance on MIX grid. The left column is the conductance when RCM precipitation is 

off and the right column with RCM precipitation on. At T = 780 min, 4 hours after the 

second period of southward IMF, the conductance profiles reflect the electron 

precipitation strength and location. The location of the auroral oval can be determined, 

which is the region between the two red circles. From left column, the conductance 

enhancement caused by the MIX electron precipitation locates around 20° ~ 25° in 

colatitude and is more prominent in the dust-to-midnight sector. In the right column, 

stronger enhancement is found around 25° ~ 30° in colatitude and is more prominent on 

the dawn side, which is a result of the RCM diffuse aurora. The distribution of the 

conductance enhancement caused by MIX and RCM electron precipitations is close to the 

mono-energetic aurora and diffuse aurora averaged spatial distribution from observation 

(Newell et al., 2009, 2014).            
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Figure 6.2  Pedersen and Hall conductance profiles with and without RCM 
diffuse auroral precipitation. The snapshot is taken at 4 hours after the second 
period of southward IMF begins. The area between two red circles corresponds 
to the auroral oval. 
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Figure 6.3  The top to bottom are the RCM electron precipitation (average energy, 
number flux and energy flux), ionospheric conductance, downward field-aligned current 
and cross polar cap potential, with (red) and without (blue) RCM diffuse aurora. The 
values are averaged in the auroral oval. The first panel is the input IMF in the solar 
wind. 
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Since the difference RCM precipitation makes is within the auroral oval, area-

averaged ionospheric quantities in this region versus time is plotted in Figure 6.3. The 

blue/red curve is for the run without/with RCM diffuse auroral precipitation. At 1 hour 

after the IMF turns southward, the electron energy flux has a sharp increase but gradually 

goes down after the IMF turns northward or if the period of southward IMF lasts longer. 

The RCM electron average energy peaks at 6 keV at the first southward IMF and 

gradually stabilizes at about 1.5 keV. Pedersen and Hall conductance has substantial 

increase during southward IMF period after the RCM auroral precipitation is added. 

Pedersen conductance has an averaged increase of 0.6S and Hall conductance increases 

about 0.5S in the auroral oval. The change in the conductance does not significantly 

affect the field-aligned current density and the cross polar cap potential.   

6.4.2.2. Discussion on the Electron Precipitation 

Figure 6.4 shows a northern hemisphere ionospheric view of the MIX and RCM 

electron precipitation at different stages of the idealized event (Run 2). At T = 200 min, 

which is 2 hours after the event initiates in the first northward IMF period, the 

precipitation from MIX and RCM are both weak, since the magnetosphere is quite empty. 

The IMF turns southward at the beginning of the fourth hour and 2 hours after the first 

southward IMF period starts, the ring current starts to build up and RCM electron number 

flux and energy flux is prominent at midnight-to-dawn sector with precipitation energy 

around 2.5 keV. The direction of the gradient and curvature drift of the electron is anti-

clockwise (eastward) looking down from the north pole. During southward IMF, when 

the plasma inflow reaches the nightside, the electron starts to drift while precipitating. 

The gradient and curvature drift velocity is energy-dependent and the electrons with 
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higher energy drift faster. The majority of the precipitating electrons (~ 2.5 keV) drift 

slower and precipitate at midnight region towards dawn side, while the electrons with 

large average energy (> 10 keV), low in number, drift much faster and precipitate all the 

way from midnight to dawn and to dayside. Then the IMF turn northward, at T = 480 

min, 2 hours after the second northward IMF begins, the amount of precipitation at 

midnight reduces, since there is no more plasma inflow driven by the southward IMF. As 

the electrons in the ring current drift, the majority of the diffuse precipitation goes from 

nightside to dawn side as the large energy precipitation has drifted to dusk side. During 

the second period of southward IMF, similar strong precipitation feature is observed. The 

MIX (Fedder95) precipitation does not have the same drifting features as it is does not 

include the effect of drift physics. Since MIX’s electron energy and number flux are 

closely related to the strength of upward Region 1 and Region 2 currents, during 

southward IMF period (Figure 6.4 (b), (d) and (e)), the major precipitation is at 15° in 

colatitude on the dusk side and 20° ~ 25° on the dawn side, which corresponds to upward 

Region 1 and Region 2 current respectively. The enhancement in Pedersen and Hall 

conductance is a combined result of RCM and MIX electron precipitation. During the 

period of southward IMF, at around T = 660 min, at the dust-to-midnight sector, the 

enhancement in conductance caused by both RCM diffuse aurora at 25° in colatitude and 

Fedder95 precipitation in the Region 1 current area makes a low conductance region in 

between. It could be related to the “trough” in the conductance which is considered to be 

critical in for SAPS modeling (Zheng et al., 2008). 
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(a) T = 120 min 

(b) T = 300 min 
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(c) T = 480 min 

(d) T = 660 min 
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To study the electron precipitation budget, a stacked histogram (Figure 6.5) is 

plotted with MIX Fedder95 precipitation in blue at the bottom and RCM diffuse 

precipitation in red at the top. The height of the stacked bar stands for the total 

precipitation. These values are averaged precipitation in the auroral oval. Electron 

average energy given by Fedder95 is around 2 keV and the number density is stable after 

the first period of southward IMF begins. The diffuse precipitation from RCM diminishes 

(e) T = 840 min 

Figure 6.4  Ionospheric view of RCM and MIX eletron precipitation (averag energy, 
number flux and energy flx). Pedersen and Hall conductance are in the right colmun at 
(a) T = 120 min, 2 hours after the first northward IMF period starts, (b) T = 300 min, 2 
hours after the first southward IMF period starts, (c) T = 480 min, 2 hours after the 
second northward IMF period starts, (d) T = 660 min, 2 hours after the second 
southward IMF period starts and (e) T = 840 min, 5 hours after the second southward 
IMF period starts.  
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quickly during the second period of northward IMF. Since it is highly related to the 

injected plasma flow as it is sensitive to the solar wind orientation.           

A lot of factors could affect the strength of the electron precipitation, either in 

number flux or average energy. The cold plasmasphere model that used in the LFM-

RCM-TIEGCM is a major factor. In next chapter, a more sophisticated plasma model is 

introduced and its response on the electron precipitation has been tested.   

  

Figure 6.5  A stacked histogram of MIX (blue bar) and RCM (red 
bar) electron precipitation. 
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A Kp-Dependent Plasmasphere Model 

7.1. The Plasmasphere Model in LFM-RCM  

In LFM-RCM and any other derivative LFM-RCM model such as LFM-RCM-

TIEGCM, a plasmasphere model is implemented to provide plasmaspheric density 

(Pembroke et al., 2012). RCM calculates its own pressure and density by summing over 

all the energy channels. During RCM to LFM transfer, the density passed from RCM to 

LFM is a combined value of RCM density and plasmaspheric density and it is also used 

in the calculation of sound speed, another variable passed to LFM. An LFM-RCM model 

without the dense and cold plasmasphere is not able to produce a substantial ring current 

and the temperature of the inner magnetospheric drifting plasma is too hot which results 

in instabilities in the MHD code. The introduction of the plasmasphere model reduces the 

plasma temperature and provides the enhanced density to the coupled system by the 

feedback to RCM at its outer boundary where the Maxwellian distribution shifts toward 

lower energy and particle number flux at each energy channel stabilizes to a lower level. 

However, the existing plasmaspheric density model in LFM-RCM is very 

simplistic as it is based solely on the radial distance on the equatorial plane. The 
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plasmaspheric density profile should respond to varying geomagnetic and solar 

conditions, e.g., storm-time plasmasphere nightside erosion by the low-density plasma 

inflows. The global core plasma model (GCPM) is an 3D empirical plasmaspheric 

density model as a function of level of global geomagnetic activity, measured by the Kp-

index (Gallagher et al., 2000). Kp-index is based on 3-hour average of ground-based 

near-real time magnetometers measurements. The magnetometer measures the maximum 

deviation in the horizontal component of the geomagnetic field to a quiet-time reference 

and a 3-hour quasi-logarithmical index is produced ranging from 0 to 9, covering from 

very low geomagnetic activity to an extreme geomagnetic storm.  

The ionospheric electron precipitation is closely related to the inner-

magnetospheric plasma temperature. Storm-time electron energy flux and average energy 

can be underestimated if the shrinkage of the plasmasphere is not considered.  

7.1.1. The Old Model  

The old plasmasphere model used in the LFM-RCM model is based on the GCPM 

for Kp = 2. For each point RCM ionospheric grid, it maps to the equatorial plane at  

and the logarithmic number density at  is 

 (130) 

where  and the radial distance of point of the 

equatorial plane is . Due to its sole dependence on radial distance, it is 

(x, y)

(x, y)

log ρold (x, y)( ) = 2.4− re(x, y) 4( ) f + 4.5− re(x, y) 2( ) 1− f( )
f = 1

2
1+ tanh 10re(x, y)− 4.5( )⎡⎣ ⎤⎦

re(x, y) = x2 + y2
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a simple 1D model. Figure 7.1 shows the density distribution along x-axis. The 

distribution is symmetric with plasmapause location at 4.5RE. 

7.1.2. The New Model 

The new plasmasphere model is an 2D Kp-index-dependent density model 

modified from Figure 1 in Gallagher et al. (2000), designed by Frank Toffoletto, Rice 

University. It aims to provide a somewhat more realistic cold plasmaspheric density 

Figure 7.1  The old plasmaspheric density distribution 
along x-axis. 
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profile that varies under different geomagnetic condition and avoid the “overcooling” 

effect during storm time. Figure 7.2 shows Figure 1 in Gallagher et al. (2000).  

The model is designed following the approach below: 

1. The data on the curves is divided into dayside (the left half) and nightside (the 

right half). 

2. For each Kp-index, the curve is fitted by 3 lines marked by blue, orange and 

green in Figure 7.2. The 3 lines represent the density profile ,  and  for 

blue, orange and green segment. 

n1 n2 n3

Figure 7.2  Figure 1 in Gallagher et al. (2000). Line plots of density profile versus the 
geocentic radial distance (the sign of the ticks on this axis is reversed on the x-axis of 
SM coordinates). The outer to inner curves represent the density for Kp = 1, 3, 5. The 
plots show a shinkage of the plasmasphere in the face of successively higher levels of 
geomagnetic acitivity. 
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3. There are two joints connect these three segments and the density are blended 

by the density on two sides at each joining point using tanh functions.  

  (131) 
where   and  are the centers of outer and inner blending locations marked 

by vertical dashed lines.  and  are the scaling lengths. Note that the x-axis is the 

same as what is used in the original Gallagher paper, which increases tailward. The fitted 

curves are show in Figure 7.3 where the dots are read from the original curves, dayside 

and nightside segments for different Kp-index are color-coded. 

n = n1
2
1+ tanh( x − x01

h1
)

⎛
⎝⎜

⎞
⎠⎟
+ n2
2
1− tanh( x − x01
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)
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2
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Figure 7.3  Curves from the fitted function. The dots are read 
from the original plot.   

X (Re) 
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4. To make a 2D profile out of the curves, the dayside and nightside values are 

blended using linear interpolation in x such that 

  (132) 
where the notations are same with 7.1.1 and . 

The model is designed for Kp = 1 ~ 5. For Kp = 2 (4), the density profile is an 

average of model for Kp = 1 and Kp = 3 (Kp = 3 and Kp = 5). The model returns 0 when 

it is outside the validity range of the model where the radial distance should be between 1 

RE and 8 RE. Figure 7.4 shows the 2D density distribution on the equatorial plane in SM 

coordinates for different Kp-index in log-scale. For an increasing geomagnetic activity 

level, the area of the plasmasphere keeps shrinking, stronger erosion appears on the 

nightside and the location of the plasmapause moves earthward.  

Compared to the original 3D GCPM, the 2D model is better suited for the RCM 

2D computational scheme and numerically inexpensive. This new plasmasphere model 

has been integrated into LFM-RCM-TIEGCM. In the next section, test results of the 

model focusing on the electron precipitation are given and discussed.    

n(x, y) =
ndayside(x + re )+ nnightside(re − x)

2re

re(x, y) = x2 + y2
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Figure 7.4  2D density distribution on the equatorial plane in SM coordinates. 
for different Kp-index in log-scale, with stronger shrinkage on the nightside 
of plasmaspehre when Kp increases. 
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7.2. Electron Precipitation Response to the New Model 

7.2.1. Simulation Setup 

Six controlled experiments are conducted by a 24-hour idealized event simulation 

with model settings and solar wind input same with the LFM-RCM-TIEGCM run in 

section 6.4.1 and the only parameter that changes in each experiment input is the choice 

of the plasmasphere model. For Run 1 to 6, the plasma models are the old 1D model, the 

new 2D models with Kp-index increasing from 1 to 5. Area-averaged field-aligned 

currents, ionospheric conductance and electron precipitation from MIX and RCM are 

calculated in the auroral oval. 

7.2.2. Test Results and Discussion 

Figure 7.5 shows the IMF input during the idealized event. Figure 7.6 gives the 

CPCP, area-averaged downward field-aligned current, Pedersen and Hall conductance, 

MIX electron precipitation and RCM electron precipitation in the auroral oval. Dashed 

blue lines mark the solar wind turning points. The results using different plasmasphere 

models is been color-coded. 

 

Figure 7.5  Three components of IMF input. 
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Figure 7.6  The top to bottom are CPCP, area-averaged downward 
field-aligned current, Pedersen and Hall conductance, MIX electron 
precipitation and RCM electron precipitation in the auroral oval. 
Dashed blue lines mark the solar wind turning points. 
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Except for CPCP, the choice of plasmasphere model does make a difference in the 

electron precipitation in MIX and RCM and change the Pedersen and Hall conductance 

as a result. Electron average energy has monotone increase when Kp-index increasing in 

both MIX and RCM. This is because the shrinkage of the plasmasphere leads to hotter 

plasma content in the inner magnetosphere, which pushes the energy distribution toward 

higher energy. The electron number flux, on the other hand, is closely related to the 

number density of the electron - the less plasma content in the plasmasphere, the smaller 

number of electron precipitating. MIX’s electron number flux is proportional the electron 

number density and a monotone increase is observed. The RCM’s the electron number 

density and precipitating speed on each energy channel have been modulated by the 

Maxwellian distribution. Denser plasma may not necessarily lead to larger number flux, 

since the cold particle has small average speed. For the total energy flux, it increases 

when Kp-index is higher and combined with a higher average energy, it will cause a 

substantial increase in the ionization rate. Therefore, in the auroral oval, Pedersen and 

Hall conductance is increased with a higher Kp-index.  

The curves in magenta show the results of a LFM-RCM-TIEGCM run using the 

old plasmasphere model. Compared with the more realistic models, it gives the lowest 

average energy and energy flux, which indicates a possible overcooling in the inner 

magnetosphere.     

When Kp = 5, the electron precipitation shows some abnormalities in number flux 

and energy flux where the monotone increase no longer holds. It is important to note this 

is a set of controlled experiments, but the plasmasphere is not computed self-consistently. 

In reality, the plasmasphere configuration may not be consistent with the solar wind 
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input, which means, Bz = -5 nT and the solar wind input may not match a geomagnetic 

activity level, Kp = 5. However, the experiments have shown an obvious dependency 

between the strength of electron precipitation and plasmasphere density profile. It is 

important to choose a suitable plasmasphere model in accordance to the activity level. 

Future work is needed, such as model-data comparison and implementation of routines to 

decide which configuration to use for different events, or, different stages of a single 

event. A more self -consistent approach would be to use the zero-energy channel in the 

RCM to track the plasmasphere, along with a realistic plasmasphere refilling model (e.g., 

Rasmussen et al. (1993)), to model plasmasphere dynamics. 
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Summary 

Understanding the important phenomena in the inner magnetosphere such as 

plasma transport, ring current formation, storm-triggered earth electromagnetic field 

changes and related ionospheric signatures is of great importance to space weather 

research and forecasting. A large-scale coupled scheme of the Lyon-Fedder-Mobarry 

(LFM) global magnetohydrodynamic (MHD) model with the Rice convection model - 

equilibrium (RCM-E) has been developed. The new coupling scheme removes the need 

for the use of a plasma - β constraint in LFM-RCM and expands RCM simulation region 

significantly farther out into plasma sheet. The trajectory and evolution of the bubble or 

burst flow can be captured further out in the plasma sheet. In our coupling scheme, we 

choose to use the built-in potential solver of RCM-E and thus directly connect the plasma 

to an ionospheric potential solver by the Birkeland current. The resulting electric 

potentials resolve the structures with the flow patterns in the plasma better than that in 

LFM-RCM. The RCM precipitation patterns on polar cap resemble the aurora 

observations during injection events. We conclude that the built-in RCM potential solver 

is crucial to provide accurate feedback between the distribution of the plasma content and 

the ionospheric potential. 
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The model shows good ability in simulating ring current formation, 

storm/substorm related injections and estimation of the Dst index in a real storm event. 

The drawback of using half space in RCM-E has been found when the model is faced 

with tilted solar wind. A solution to the situation is to use the assumption of north-south 

symmetry in the magnetic field when calculating the Vasyliũnas equation, but assume no 

north-south symmetry for the field line tracing and field-aligned integration. It could 

fundamentally resolve the issue of misclassification of open/closed field line and improve 

the accuracy of magnetic field related calculation.  

The thesis also reports work of the implementation of feedback channels of 

electron diffuse precipitation from RCM to the Coupled Magnetosphere-Ionosphere-

Thermosphere model (CMIT), since the RCM ionospheric precipitation are significant 

source of diffuse aurora and responsible for the dynamic change of ionospheric 

conductivity. Preliminary results show the ionospheric conductance enhancement as a 

response to the RCM diffuse auroral in the fully coupled run. Chapter 7 presents the work 

of integrating a more sophisticated plasmasphere model, modified from the global core 

plasma model (GCPM) into LFM-RCM-TIEGCM. The new plasmaspheric density 

profile depends on a measure of the geomagnetic activity, the Kp-index. A set of 

controlled experiments shows a substantial increase in the electron average energy and 

energy flux when the magnetic activity level increases. 

It is encouraging to see the abilities the models have achieved and more effort will 

be made on model optimization and development for an understandable and predictable 

space weather models. 
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