Copyright
by
Mona Leila Mays
2009



The Dissertation Committee for Mona Leila Mays
certifies that this is the approved version of the following dissertation:

The Study of Interplanetary Shocks, Geomagnetic Storms, and
Substorms with the WINDMI Model

Committee:

Wendell Horton, Supervisor

Todd Ditmire

Richard Hazeltine

Sonia Paban

Gary Hallock



The Study of Interplanetary Shocks, Geomagnetic Storms, and
Substorms with the WINDMI Model

by

Mona Leila Mays, B.S.

DISSERTATION
Presented to the Faculty of the Graduate School of
The University of Texas at Austin
in Partial Fulfillment
of the Requirements

for the Degree of

DOCTOR OF PHILOSOPHY

THE UNIVERSITY OF TEXAS AT AUSTIN
August 2009



For my parents



Acknowledgments

I appreciate and thank the committee for taking the time to evaluate this
work and for providing helpful comments. In particular, I sincerely thank my super-
visor Professor Wendell Horton for his time, knowledge, and support. I also thank
my collaborators Dr. Edmund Spencer and Professor Janet Kozyra, for their useful
discussions and analysis. Thanks to Professor James Van Dam and the Institute for
Fusion Studies for their support, to my mentor Dr. Chris St.Cyr, and also to Jane

Pratt, Jean Perez, and Juhyung Kim for programming help and tips.

Infinite thanks go to my parents and sister Donna for everything. I am
grateful to Clint for his love and support, and family Kay, Ron, Karen, and Xavier.
And finally, thanks to my excellent friends Gayle, Shaun, Rebecca, Andy, Ester,
Marsine, Leila R., Tim, Jadey, Conan, June, Di, and everyone I have worked with

at KVRX-Austin 91.7FM.



The Study of Interplanetary Shocks, Geomagnetic Storms, and
Substorms with the WINDMI Model

Publication No.

Mona Leila Mays, Ph.D.
The University of Texas at Austin, 2009

Supervisor: Wendell Horton

WINDMI is a low dimensional plasma physics-based model of the coupled
magnetosphere-ionosphere system. The nonlinear system of ordinary differential
equations describes the energy balance between the basic nightside components of
the system using the solar wind driving voltage as input. Of the eight dynamical
variables determined by the model, the region 1 field aligned current and ring cur-
rent energy is compared to the westward auroral electrojet AL index and equatorial
geomagnetic disturbance storm time Dst index. The WINDMI model is used to an-
alyze the magnetosphere-ionosphere system during major geomagnetic storms and
substorms which are community campaign events. Numerical experiments using the
WINDMI model are also used to assess the question of how much interplanetary
shock events contribute to the geoeffectiveness of solar wind drivers. For two major
geomagnetic storm intervals, it is found that the magnetic field compressional jump

is important to producing the changes in the AL index. Further, the WINDMI
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model is implemented to compute model AL and Dst predictions every ten min-
utes using real-time solar wind data from the ACE satellite as input. Real-Time
WINDMI has been capturing substorm and storm activity, as characterized by the
AL and Dst indices, reliably since February 2006 and is validated by comparison
with ground-based measurements of the indices. Model results are compared for
three different candidate input solar wind driving voltage formulas. Modeling of the
Dst index is further developed to include the additional physical processes of tail
current increases and sudden commencement. A new model, based on WINDMI, is
developed using the dayside magnetopause and magnetosphere current systems to
model the magnetopause boundary motion and the dayside region 1 field aligned

current which is comparable to the auroral upper AU index.
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Chapter 1

Solar Wind-Magnetosphere Interactions

1.1 Solar Wind

The gas pressure difference between the solar corona and interstellar space
creates the solar wind which streams outward at around 450 km/s (at 1 AU) and
this can vary from 200 km/s to 1000 km/s. At the Sun, the typical solar wind speed
distribution during solar minimum varies from 750 to 800 km/s at the solar poles
where large coronal holes are often located, to the slow solar wind at 300 to 400
km/s at lower heliographic latitudes[37]. The plasma expands supersonically from
the hot corona in which ion-electron collisions are frequent, to the cool and low-dense
interplanetary plasma in which collisions are rare with a collisional mean free path of
about 1 AU (1.5x10'" m). Changes in the solar magnetic field significantly influence
the behavior of the solar wind. The properties of the solar wind are continuously
measured by space probes just upstream of the Earth. At 1 AU it is comprised
mostly of ionized hydrogen and carries out a frozen-in magnetic field with a fixed
source that differentially rotates with the Sun. The resulting magnetic field line
pattern is known as the Parker spiral and at the Earth the interplanetary magnetic
field (IMF) value is about 7 x 1079 T, in the ecliptic plane and at 45 degrees to the
Sun-Earth line. At 1 AU the average solar wind densities are 6.6 cm ™2 protons, 7.1

cm ™ electrons, and 0.25 cm ™2 of doubley ionized helium. The proton temperature



is 1.2x 10° K (10 eV) and electron temperature 1.4 x 105 K (12 eV)[23].At these low

densities the 10 eV hydrogen gas is fully ionized as follows from the Saha equation.

1.1.1 Coronal Mass Ejections

Coronal mass ejections (CMEs), which are ejections of hot plasma from large
regions of the corona, inject plasma and energy into the solar wind and often have
associated interplanetary shocks. The plasma in the corona is highly conducting and
because Sun’s magnetic field is frozen into the plasma the tops of the closed field lines
must be carried away from the Sun along with the ejected plasma. This causes the
field lines to become stretched into long loops extending into interplanetary space
and the solar source region becomes magnetically open. CMEs can be observed in the
visible light spectrum with coronagraphs and were first discovered with coronagraphs
on spacecrafts in the early 1970s. White-light coronagraphs detect photospheric light
which has been Thomson-scattered off free electrons in the corona. The radiation
recorded at a point in a coronagraph image is a line of sight integral of the light
scattered along the entire path extending through the corona to the observer or
instrument. The true three-dimensional CME electron density structure is projected
onto a two-dimensional image. Halo CMEs are directed completely away from, or
towards the Earth and form a “halo” of bright material in the coronagraph images
and the Earth-directed Halo CMEs often trigger geomagnetic storms. The speeds
of CMEs are measured by tracking the projection of the CME leading edge feature
onto the plane of the sky in a time sequence of coronagraph images. Plasma, particle

and magnetic properties of CMEs can be measured in situ and they can be detected



remotely in the X-ray, EUV, He, and radio parts of the spectrum[19].

Interplanetary coronal mass ejections (ICMEs) originate as coronal mass
ejections at the Sun and are observed in situ as enhanced magnetic structures in the
solar wind lasting on the order of a day[64]. Magnetic clouds (MCs) are a subclass of
ICMEs with above-average strength magnetic fields which rotate smoothly through

a large angle in a low beta plasma.

1.1.2 Interplanetary Shocks

Interplanetary (IP) shocks are traveling collisionless shocks which propagate
out through the heliosphere. IP shocks and their resulting geomagnetic activity are
usually caused by Halo ICMEs and their associated dynamic interaction regions,
also known as “sheath regions”[13]. These sheath regions are accelerated due to the
momentum exchange from the fast CME, and they have enhanced densities and
temperatures, since they have interacted with the shock. Collisionless shocks can
also be formed at the interface of corotating interaction regions (CIRs) in which a
slow solar wind stream is overtaken by a fast stream which usually originate from
coronal holes[47, 54]. It is still not well understood how interplanetary structures
such as the CMEs, shocks, density fluctuations, and corotating interaction regions

propagate in the inner heliosphere.

The conservation of mass, energy, and momentum in collisionless shocks
and using MHD, gives the shock-jump or Rankine-Hugoniot relations which relate
the upstream and downstream plasmas. However, unlike in collisional gases, the

downstream state is not uniquely determined by the upstream parameters without



knowing additional information about the shock structure. The shock-jump condi-

tions are

[pu-al} = 0 (1.1)
[pu(u- 1) + (P + B?/2u0)8 — (B-2)B/pg]; = 0 (1.2)

[u-(pl + pu?/2+ B*/2u0) + (P + B*/2u0)

—(B-A)(B-0)B/ul] = 0 (1.3)
B-a? = 0 (1.4)
hx (uxB)} = 0. (1.5)

These shock-jump conditions apply to steady state plasma flows with sharp
jumps in the fields. In simulations shocks with §; ~ 1 and larger Alfvén mach
numbers are not steady but show large fluctuations. There is a critical Mach number
above which there are kinetic effects giving energy and momentum transfer beyond

the scope of MHD description.

1.2 Solar Wind - Magnetosphere Coupling

The Sun is a magnetically-variable star, and there are consequences for plan-
ets with either intrinsic magnetic fields or atmospheres, or with both like Earth. It
is the powerful, dominant driver of activity in the inner heliosphere including the
geospace environment. It takes 3 to 4 days for the solar wind to flow to the Earth
where it has a dynamic pressure (radial momentum flux) of about 3 x 1072 P and

is mostly carried by protons. The sound speed in the upstream plasma is about



60 km/s which is comparable to the Alfvén speed of 40 km/s. The supersonic, low
density solar wind plasma forms a fast magnetosonic shock front at around 14 Rg
(1 Rg = 6.378137x105 m), called the bow shock, just in front of the magnetosheath
which contains subsonic, high density plasma. The collisional mean free path in the
bow shock is about 100 to 1000 km. (Geosynchronous orbit is around 6.6 Rg). Thin
surface current sheets on the magnetopause separate the geomagnetic field and ter-
restrial plasmas from the solar wind plasma and interplanetary magnetic field. The
Earth’s magnetic field is an obstacle in the solar wind plasma and the shape of the
magnetosphere is determined by the balance of the solar wind dynamic pressure and
the Earth’s magnetic pressure at every point on the boundary. The magnetospheric
cavity is compressed at the dayside and forms a long tail along the Sun-Earth line

which acts as a reservoir of plasma and energy.

In the polar regions plasma flows noon to midnight and then has a sunward
flow back to the dayside at slightly lower latitudes, creating a double vortex pattern
on the dawn and dusk sides of the polar cap. This pattern is termed magnetospheric
convection although it is not at all thermally driven. Here the plasma flow is driven
by the E x B drift that is large compared to the diamagnetic pressure gradient
flow velocities. The positive and negative charged centers of the vortex pattern and
associated strong electric fields are driven by the solar wind dynamo during periods
of southward IMF. Dungey [9] showed that this magnetospheric convection pattern
could be produced by the reconnection of interplanetary and geomagnetic field lines
on the dayside magnetopause such that two types of field lines develop. Each field

line will have one end attached near the north or south pole while the other ends



will be stretched out in interplanetary space. The solar wind flow with frozen-in
flux pulls the interplanetary part of the field lines antisunward. Thus the mapping
of these convecting field lines is from noon towards midnight in the ionosphere.
The flux is returned by another reconnection between these two north and south
open field lines occurring at the x-line in the geomagnetic tail and the newly formed

geomagnetic field line will flow Earthward.

1.3 Plasma Flows in the Magnetosphere

A proton in the magnetosphere experiences three types of motion (1) gyro-
motion about the magnetic field lines, (2) bounce motion along the field lines, and

(3) drift perpendicular to field lines.

The particle drift motion perpendicular to the magnetic field arises from
the E x B drift, gradient drift, and curvature drift. In a dipole field the gradient
and curvature drifts give rise to motion in the same direction because the radius of

curvature and magnetic field gradient are in opposite directions.

In addition, the dawn to dusk electric field causes particles to drift toward
the sun, and the corotation electric field causes particles to rotate eastward with
the Earth. Depending on charge, energy, and distance from the Earth, this trapped
particle region can be calculated. In the equatorial plane, the Alfvén layer defines
is the separatrix between particle trajectories that lead from the magnetotail to the

dayside magnetopause and those are trapped to circle the Earth.



1.4 Magnetic Field Configuration and Plasma Populations
1.4.1 Intrinsic Dipole Field

The Earth’s magnetic field in the inner magnetosphere can be approximated
as a pure dipole field. In local spherical polar coordinates (see Appendix 1) the

covariant vector potential for the magnetic field is

Mgipsin | Mygipsind
e =

Agip = 2 ® 2 (Vo rsind)
Mg, 5020
= %vqﬁ:\wqﬁ. (1.6)

The Earth’s dipole moment Myg;, is around 8 X 10'® T- m? and is tilted about 11°

to the rotation axis[23]. The flux function is W, is

Myginsin20  BoR3.sin?6
Ugp = —P — 207%E , (1.7)

T T

where By is the equatorial surface field and averages around 30,438 n'T. The gradient

of the flux function Wy, is

Vg, = B0R3E'é7’sin26+ BoR3.é92sinfcos (18)

2 r2

B P3 e 20\1/2
_ ByRy;sitnf(1 + 3cos) a (o) (1.9)

r2

where 1 (0) = (sinfé, — 2coshéy) /(1 + 3cos?0)'/2 is the unit normal to the undis-

turbed magnetosphere surface. The magnetic field from the vector potential is

3n (n - My;p) — My;
Bap = VX Agp= Z—; ( E‘g’) dip (1.10)




which can be written in component form as

BoR3, (2cos0é, + sinféy)
3
,

B = Vg x Vo= . (1.11)

However, the actual magnetospheric configuration has a day-night asym-
metry from the pure dipole due to the solar wind dynamic pressure. The Earth’s
magnetosphere can be expressed as the sum of the contributions from the field pro-
duced by (1) currents in the liquid core Bgip(Mgip), (2) the tail current By (Liai)
(3) the ring current Byc(Iyc) (4) the Chapman-Ferraro (CF) current loops Ber(Icr),
(5) the region 1 field-aligned current loops B1(I1), and (6) the region 2 field aligned

current (FAC) loops Ba(I2).

1.4.2 Chapman-Ferraro and Magnetopause Currents

The role of the magnetopause current is to confine the Earth’s field to the
magnetosphere. This current has the effect of increasing the magnetic field every-
where inside the magnetopause. The Chapman-Ferraro current system consists of
dayside current loops which close completely on the magnetopause. Near the equa-
torial plane, the flow is primarily in the eastward direction such that there is a
northward magnetic pertubation ABgr in the magnetosphere thereby increasing

the magnetic field at the Earth’s surface.
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Bow Shock
g — Magnetopause

Magnetosheath

Figure 1.2: Magnetosphere currents.

10



During southward IMF the subsolar reconnection current system forms closed
equatorial loops that connect the magnetopause with the bow shock. On the magne-
topause surface, this current system flows in the same sense as the Chapman-Ferraro
current. For northward IMF, magnetic reconnection occurs tailward of the polar en-
try cusps giving the polar reconnection current system which forms closed loops that
connect the magnetopause with the bow shock[44]. The magnetopause segment of
this system flows in same sense as the Chapman-Ferraro current system in the polar
regions but does not contribute any magnetopause surface currents in the equatorial

plane.

1.4.3 Magnetotail Current and Lobes

Earth’s field lines are dragged antisunward through tangential stresses be-
tween the solar wind and Earth’s magnetic field producing the magnetotail. The
geomagnetic tail is the largest reservoir of plasma and energy in the magnetosphere.
The tail current sheet, or central plasma sheet (CPS) is a region of hot plasma
which separates the anti-sunward and sunward magnetic fields in the geomagnetic
tail lobes and flows in the same direction as the ring current in the midnight equato-
rial plane which reduces the magnetic field at the Earth’s surface. The high energy
of Te = 0.6 keV, T; ~ 4.2 keV, and density ncps ~ 0.3 cm 3 central plasma sheet is
formed by the E x B drift of magnetotail plasma and has an approximate pressure
of 0.25 nPa. The magnetic field in the tail lobes is around 20 nT and the magnetic
pressure is much higher than the particle pressure. The magnetic flux from each tail

lobe maps directly to each of the polar caps. The polar caps are the areas around

11



each magnetic pole bounded by the auroral ovals, which are the boundaries between
field lines which close entirely in the magnetosphere and field lines that close on the

magnetopause.

The cross-tail current in the central plasma sheet closes on the magnetopause
such that the tail current forms a theta pattern when viewed along the Sun-Earth
line. About 108 A of current is carried in each 5 Ry section of the tail for total stored
energy of 10 J. The plasma in the geomagnetic tail has a structure similar to the
laboratory theta-pinch with a plasma current of approximately 20 MA trapping a
high pressure plasma sheet. The nonlinear structure is rather stable and continuous
for energies on the order of Wia ~ 10'° J. There must be a pressure equilibrium
between the solar wind pressure, the magnetic pressure in the lobes, and the thermal
plasma sheet pressure. The tail radius increases, or flares, as the distance down the
tail increases and then reaches an asymptotic radius of around 30 Rg at around
150 R down the tail. However, the geometry of the geomagnetic tail this distance
down the tail is highly variable and dependent on solar wind conditions. The lunar

orbit which is around 60 Rp crosses the geomagnetic tail.

1.4.4 Ring Current

The radiation belts are made up of particles which orbit the Earth from
about 1.6 Rg to 6 Rg and the particles with the higher energies and number densities
orbit near the equatorial plane. All trapped radiation belt particles contribute to the
ring current, however ring current usually refers to the components of the particle

distribution which contribute to the total current density. The current is produced

12



by gradient and curvature drifting particles in the radiation belts. The Van Allen

belts refers to particles, mostly electrons, that have penetrating radiation.

Dessler and Parker [7], and Sckopke [41] showed that the change in the
magnetic field at the Earth’s surface is an indication of the total plasma energy
of the ring current particles. At low latitudes the ring current effectively reduces
the horizontal component of the surface magnetic field. Assuming a nonconducting
Earth, the change in the magnetic field at the center of the Earth due to the ring
current AB,. arises from three types of motion of the trapped particles. There is
the 1) charge dependent gradient drift, 2) curvature drift and 3) gyromotion of the

plasma particles.

1 B x VB
Vgrad drift = §mviq7 (1.12)
Bx(B-V)B
Vcurvature drift = mvﬁ% (113)

Because the dipole field is a vacuum field with V xBg;, = 0 the term (B-V)B

becomes BV | B. The two drifts combine and the current density from the drifts is

1 2\ BxVB
Jdrift — qn(vgrad + chrv) - Em/UL + mU” T

B x VB

= o+ ) B

(1.14)

The component of the Earth’s magnetic field in the equatorial plane from

13



Equation 1.11 is used to obtain

2
S (1.15)

Jarite = — (PL + P) BoRn "

The magnetic field at the center of the Earth due to particle drifts in the

equatorial plane is
0 3R?

AB rift = — €.
drift 47 BOR%

(1.16)

The particle gyromotion around the magnetic field spreads the magnetic

field locally which produces a change in the magnetic field outside the orbit from

the magnetic dipole moment p = —1/2 mv?é,/Bg
po Wi o
ABmoment = Emez, (1.17)

where W, = uB. The total magnetic field at the center of the earth produced by

the ring current is

ABrc = ABdrifts+ABm0ment

12%0) Wrc<t) ~
—— é,.
27 BER%

(1.18)

This Equation is known as the Dessler-Parker-Sckopke relation.

1.4.5 Region 1 and Region 2 Field-Aligned Currents

A schematic of the nightside current systems as viewed along the Sun-Earth
line are shown in Figure 1.3. The magnetic field in the stretched tail must map to
the polar and auroral ionospheres, therefore magnetospheric flows must drive the

plasma flows in the ionosphere (see Section 1.4.3). This is achieved through the
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Birkeland field-aligned currents of which the region 1 field-aligned currents flow into
the ionosphere from the dawn side and out from the dusk side at higher latitdues
and closes in the opposite sense as the ring current in the equatorial plane. At
lower latitudes the region 2 currents flow into the ionosphere on the dusk side and
out from the dawn side, and closes in the same sense as the ring current in the
equatorial plane. The partial ring current is located in the dusk region and flows
in the same sense as the ring current in the equatorial plane and then closes in the
ionosphere from noon to midnight, connecting to the field-aligned currents. The
ionospheric portions of the field aligned currents are called the auroral electrojets,
with the region 1 current closing as the westward electrojet in the E-layer (= 90-120
km) and the region 2 current as the eastward electrojet. Typical patterns of the
region 1 and region 2 currents in the ionosphere as viewed from the North Pole are

shown in Figure 1.4.

As discussed in Section 1.4.3, the central plasma sheet carries a considerable
cross-tail current and only a small diversion of part of this current is sufficient to
increase the region 1 field aligned current, and associated auroral electrojet currents
as observed in the ionosphere. A sketch of the tail current diversion geometry known

as the substorm current wedge is shown in Figure 1.5.
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Figure 1.3: Nightside current systems as viewed along the Sun-Earth line.

16



18

o W DOWNWARD CURRENT
UPWARD CURRENT

Figure 1.4: Typical patterns of the region 1 and region 2 currents in the ionosphere
as viewed from the North Pole.
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In the ionosphere collisions between charged particles and the neutral atmo-
sphere creates a high conductivity perpendicular to magnetic field lines in addition
to conductivity along the field lines. This produces the Pederson current in the
direction E | of and the Hall current perpendicular to E |, or along -E x B. These

currents systems link to the auroral electrojet current system in the ionosphere.

1.5 Magnetospheric Dynamics

The state of the magnetosphere is primarily controlled by the Sun through
the solar wind, and the dominant method of momentum coupling is magnetic recon-
nection, though there is some coupling through momentum transfer usually called
viscous interactions of the high speed flow through the magnetospause boundary
layer. Geomagnetic activity, such as storms and substorms, occurs when there are
perturbations to the Earth’s surface magnetic field, which arise from changes in
the magnetospheric current systems and ultimately from changes in the solar wind.
Almost no geomagnetic activity occurs unless the interplanetary magnetic field is

southward which is antiparallel to the Earth’s magnetic field on the dayside.

At present, the study of the magnetospheric response through the analysis
and prediction of geomagnetic activity is an active effort [2]. This involves deter-
mining quantitatively where the solar wind structures are storing the plasma and
magnetic energy, how they couple to the magnetosphere, and when this energy is
being released into the various parts of the outer and inner magnetosphere, and iono-
sphere. Because these plasma phenomena are complex and diverse there has been

multi-scale modeling of solar-terrestrial processes. To be accurate and useful these
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models must be validated with the data. The models range from low order models
to MHD simulations that divide the region of interest into small grid cells and the
full set of ideal plasma fluid equations is solved in every cell. Global MHD models
attempt to study plasma flows and propagation of disturbances as accurately as pos-
sible by propagating information between grid points with finite difference equations.
These simulations require significant computational resources and provide detailed
analysis but are sometimes difficult to interpret. The low order models include the
microscopic kinetic theory physics that is critical in boundary layer regions. Bound-
ary regions effect the future in the modeling of the space weather system which will

involve an effective hybrid of these modeling types.

1.5.1 Geomagnetic Storms

Prolonged, strong solar wind-magnetosphere coupling will develop a geomag-
netic storm of 1-5 days in duration. The initial phase of a storm often begins with
sudden storm commencement, the sudden increase of the surface magnetic field pro-
duced by the Chapman-Ferraro magnetopause current (see Section 1.4.2) due to an
increase in solar wind dynamic pressure and/or magnetic field. The surface magnetic
field then rapidly decreases in the storm main phase. This is the delayed response to
the strong solar wind-magnetosphere coupling which deposits energy into the mag-
netotail and strengthens the field aligned currents, and convects particles from the
central plasma sheet to the inner magnetosphere. In the first part of the recovery
phase the surface magnetic field begins to quickly recover (< 12 hours) followed by

a longer recovery period (1-2 days). The loss of particles from the radiation belts
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leads to a decrease in ring current magnitude, causing the recovery phase of the

storm.

1.5.2 Geomagnetic Substorms

Magnetospheric substorms are the most frequent type of geomagnetic ac-
tivity of which a manifestation is the aurora. The magnetic energy of particles in
the magnetotail is abruptly converted to thermal and kinetic energy in a localized

region around 1-2 Rp in the central plasma sheet.

The question of substorm onset in the magnetotail is the subject of contro-
versy and there are several theories. Two include: (1) Current disruption/dipolarization
at 10 Rg near-Earth magnetotail, (2) Magnetic reconnection farther down tail 20
to 30 Rg. All of these processes occur during substorms however their chronology
is unclear. The THEMIS (Time History of Events and Macroscale Interactions dur-
ing Substorms) mission was designed to address this question by using five identical
space probes in Earth orbit and an array of ground based observatories [43][33]. The
five spacecraft line up along the magnetotail and measure in situ particle and field
data to resolve the physical process of substorm onset and location. First results by
Angelopoulos et al. [1] show that tail reconnection is the likely method of substorm

initiation, however there is not yet a community consensus.

1.5.3 Geomagnetic Indices

Two geomagnetic activity indices of interest are the AL and the Dst. The AL

(auroral lower) index is derived from measurements of the horizontal component of
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the Earth’s magnetic field at stations located along the auroral oval in the Northern
hemisphere [40]. The AL index is compiled every minute over a 24 hour period
in a day and is obtained by selecting the most negative values measured among
12 stations located along the auroral zone, all of them above 50° latitude. The
most negative values are taken to be the strongest activity of the westward auroral
electrojet (from the region 1 field aligned current), which is related to substorm
activity. The AU (auroral upper) index is a measure of the dayside eastward auroral
electroject (region 1 field-aligned current) and AE = AU — AL measures the total

effect of both electrojects.

The Dst index is a measure of magnetosphere storm activity primarily from
the strength of the ring current. The index is obtained from the measurement of
the perturbations in the horizontal component of the Earth’s magnetic field from
ground-based observatories that are sufficiently distant from the auroral and equa-
torial electrojets and located at approximately £20° latitude, and evenly distributed
in longitude [51]. Monthly mean values (neutral-wind-driven conditions), long term
changes in the main geomagnetic field, and seasonal variations are subtracted at
each station. The Dessler-Parker-Sckopke relation (Equation 1.18) shows that the
approximate strength of the ring current contributes to the observed Dst index.
Although the ring current has the largest contribution to the Dst all of the magne-
tospheric current systems have contributions, including the tail current which pro-
duces a northward magnetic perturbation at the center of the Earth (decreases Dst),
the Chapman-Ferraro magnetopause current which is strengthened during sudden

storm commencement and increases the Earth’s surface field (sudden positive jump
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in Dst), and the magnetopause current system which produces a magnetic pertur-
bation with a direction dependent on the interplanetary magnetic field direction at
the bow shock. In laboratory plasma confinement experiments the equivalent of the
Dst measure is the diamagnetic loop data which was the earlier sensor used in fusion

experiments to measure the total stored plasma energy|[12].

23



Chapter 2

WINDMI Model

2.1 Description

WINDMI is a low dimensional (d=8) plasma physics-based model of the
coupled magnetosphere ionosphere system [8], [17]. The nonlinear system of eight
ordinary differential equations describes the energy transfer between the basic com-
ponents of the solar WIND driven Magnetosphere-lonosphere system. The solar
wind dynamo voltage (coupling function) is calculated from solar wind parameter
data and used to drive the eight equations. The geometry of the model is shown
in Figure 2.1 in which the magnetosphere is divided into five regions: (1) the mag-
netotail lobe with lobe magnetic energy, (2) the central plasma sheet with plasma
thermal energy and cross-tail kinetic energy due to plasma flow perpendicular to
the field lines, (3) the ring current (4) the nightside region 1 current, and (5) the
portion of the nightside region 2 current closing as the partial ring current. The
energy associated with regions (3)-(5) is parallel streaming kinetic energy due to
plasma flow along field lines. The physical dimensions of the regions are constrained

to be time invariant.

The eight dimensional state vector of the system X = (I, V,p, K|, I1, V7, I2, Wic)
is specified by the equations for the magnetotail lobe with associated current I and

voltage V', the mean central plasma sheet with pressure p and parallel kinetic en-
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Figure 2.1: WINDMI model geometry of five energy regions (1) the magnetotail lobe
with current I(t), (2) central plasma sheet with pressure p and kinetic energy K
(not shown), (3) the ring current I, with energy Wy and Aeq effective aperture for
particle injection into the ring current, (4) the nightside region 1 current I;(t), and
(5) the portion of the nightside region 2 current closing as the partial ring current

I5(1).
ergy K||, the ring current with energy Wy, the nightside region 1 current I; with
voltage V7, and the portion nightside region 2 current I that closes as the partial

ring current.

2.2 WINDMI Development

WINDMI that has grown out of early low-dimensional modeling of the sub-
storms Klimas et al. [24],Klimas et al. [26], Horton and Doxas [15], and Horton and
Doxas [16]. Because the magnetosphere is a magnetized conducting fluid, currents

are not confined but are free to flow throughout the fluid. These velocity flows and
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the magnetic field determine the fluid behavior and produce the resulting currents
and electric field. First the procedurally correct application of MHD determines
what the currents and electric fields in the magnetosphere are, subsequently these
current systems can be modeled in steady state using electrical circuit language[44].
The key plasma currents, voltages, and appropriate plasma volumes are identified
and Vlasov partial differential equations are projected on a subspace that contains
the relevant dynamical variables for the sub-spatial regions of the total system. The
technique has been used in laboratory plasmas to derive ODE systems for the var-
ious nonlinear dynamics especially for the edge localized modes called ELMs that
have a variety of forms while giving a serious limit on the performance of fusion

grade toroidal systems[63].

2.3 WINDMI Differential Equations

The equations for the state vector X = (I,V,p, K, 11,V I2, W) in the

WINDMI model are given by:
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The effective width of the magnetosphere is L, and magnetotail lobe current

I, as discussed in Section 1.4.3, flows in a theta, or two solenoidal, pattern and

produces the lobe magnetic energy stored as lobe inductance L. The ring current

contains the second largest energy in the magnetosphere system in the form of

particle kinetic energy with confinement time 7. (see Section 1.4.4).

The region 1 field-aligned current (see Section 1.4.5) has a magnetic energy

Wy = %Ll I 12 and mutual inductance M with the magnetotail cross-field current loop

I. Another current loop is the portion of the region 2 field-aligned current which

closes on the partial ring current Is. Through the partial ring current energy is

transferred along the field lines from the ionosphere to the ring current. Another

method of energy transfer to the ring current is through particle injection across the

Alfveen layer with effective aperture Aeg [8].
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The high density and pressure central plasma sheet has a thermal energy
Up = %chps with energy confinement time is 7g, and pressure gradient driven

current Ips = Ly (p/po)"/>.

The central plasma sheet volume is Qs = LyLyL,
and By, is the transition region magnetic field. The collisionless microscopic energy
transfer processes that occur in the quasi-neutral layer of the central plasma sheet are
modeled with a substorm trigger. Fast pressure unloading above a critical current
I. over the interval Al can result from current gradient driven tearing modes or

cross-field current instabilities as described in [61] and is modeled by the function

O(u) = 1[1 + tanhu], where u = (I — I.)/AI

The eight differential Equations 2.1-2.8 are solved numerically to give the
eight magnetosphere energy components. The model region 1 field aligned current I;
flows in the nightside ionosphere E-layer and produces the surface magnetic pertur-
bation AB 4y, from the ambient field which can be compared to AL index data. This
is computed using a constant of proportionality AB4y;, = —I1 /A 4z, where A 41,=3500
A /nT when approximating I as a current strip in the E-layer. The model ring cur-
rent plasma energy Wi is used to compute AB;. from the Dessler-Parker-Sckopke
relation (Equation 1.18) and compared to Dst index data. In Section 5.7 the addi-

tion of new terms in the model Dst are discussed.

2.4 WINDMI Parameters

The WINDMI model has 18 physical parameters which are the coefficients
of the differential equations. The parameters relate to the plasma properties and

physical dimensions of the system and they can approximated with physical consid-
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erations or from data. The quantities L, C, 3, L1, Ct and X are the magnetospheric
and ionospheric inductances, capacitances, and conductances respectively. A.ys is
an effective aperture for particle injection into the ring current. The resistances in
the partial ring current and region-2 current I regions are Ry and Ra2 respectively,
and Lo is the inductance of the region-2 current. The coefficient ug in Equation 2.3

is a heat flux limiting parameter.

The parameters have been estimated in calculations by Horton and Doxas
[15], Horton and Doxas [16], and Doxas et al. [8]. and these nominal parameter
values are shown in Tables 2.1 and 2.2. [48] have allowed the parameters to vary
over physically allowable ranges to optimize the WINDMI AL and Dst prediction

by implementing a genetic algorithm.

2.5 WINDMI Input
2.5.1 Solar Wind Data from ACE

The ACE spacecraft has a halo orbit about the L.1 Lagrange point located
approximately 1.5x10° km or 235 Rg from the Earth[50]. The solar wind proton

SW SW SW

density nsy and solar wind velocity vey = (v3", 05", v3"V) are available at a 64 sec-

ond resolution. The interplanetary magnetic field Byyp = (BIMF ,BéM F BIME)

are given at a cadence of 16 seconds. Missing data points are replaced with the
previously available points, and all of the data are linearly interpolated to the time

stamp needed by the integration time step.

The data is time delayed from the ACE spacecraft position to the approx-

imate magnetopause (MP) standoff distance, where coupling to the magnetopause
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Table 2.1: WINDMI Nominal Parameters, estimated by physical considerations
of the state and geometry of the nightside magnetosphere using the Tsyganenko
magnetic field model[55].

Parameter Value

Description

L

M

Qcps

uo

90 H

1H

50000 F

88

2.6 x 10*4 m?
4 x 107°

m~kg—1/2

1.78 x 107 A
8 x 101!

Inductance of the lobe cavity surrounded by the mag-
netotail current I(t).

The mutual inductance between the nightside re-
gion 1 current loop I; and the magnetotail current
loop 1.

Capacitance of the central plasma sheet in Farads.
Large gyroradius p; plasma sheet conductance from
the quasineutral layer of height (L.p;)'/? about the
equatorial sheet.

Volume of the central plasma sheet that supports
mean pressure p(t), initial estimate is 101 R3,.

Heat flux limit parameter for parallel thermal flux
on open magnetic field lines g = const X vyp =
uo (K H)l/ 2p.  The mean parallel flow velocity is
(KH/(PmQCPS))l/Q-

The critical current above which unloading occurs.
The magnetotail current driven by the plasma pres-
sure p confined in the central plasma sheet. Pres-
sure balance between the lobe and the central plasma
sheet gives B§/2,ug = p with 2L,By = polps. This
defines the coefficient o in I,3 = ap'/? to be approx-

imately a = 2.8Lw/u(1)/2.
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Table 2.2: WINDMI Nominal Parameters, estimated by physical considerations
of the state and geometry of the nightside magnetosphere using the Tsyganenko
magnetic field model.

Parameter Value

Description

|
TE
Ly

Cr

AT

10 min
30 min
20 H
800 F

3 mho
0.1 ohm
12 hrs
8 H

0.3 ohm

5%x 1079 T

8.14 x 1013 m?

3.2x 10" m

1.25 x 10° A

Confinement time for the parallel flow kinetic energy
K| in the central plasma sheet.

Characteristic time of thermal energy loss through
earthward and tailward boundary of plasma sheet.
The self-inductance of the wedge current or the night-
side region 1 current loop I7(t)

The capacitance of the nightside region 1 plasma cur-
rent loop.

The ionospheric Pedersen conductance of the west-
ward electrojet current closing the I; current loop in
the auroral (altitude ~ 100 km, 68°) zone ionosphere.
The resistance of the partial ring current.

The decay time for the ring current energy.

The inductance of the region 2 current.

Resistance of the region 2 footprint in the Auroral
Region.

The magnetic field in the transition region.

The average effective area presented to the magneto-
tail plasma for plasma entry into the inner magneto-
sphere, estimated to be 2R%.

The effective width of the Alfvén layer aperture, es-
timated to be bRg.

The rate of turn-on of the unloading function.

31



occurs. The time delay tqelay is approximately one hour and is computed using the

formula

Xace — Xup

ZL/delay = (29)

Usw

The average x coordinate of the ACE spacecraft in GSM coordinates is X acg. The
magnetopause standoff distance Xyp is taken as 10 Rg for WINDMI runs and
for real-time WINDMI it is taken as the average magnetopause standoff distance
over the storm period calculated from the Shue et al. [42] formula. The velocity
Usw is taken to be the average x velocity during the event, or the average bulk
velocity for real-time runs. The more accurate time delay formulas of Weimer et al.
[59], Bargatze et al. [4] which apply the minimum variance analysis to the IMF time
series are being implemented for future studies. Solar wind propagation delay of in-
situ spacecraft measurements in a handful of locations in the vast inner heliosphere
remains an important unresolved problem. The propagated solar wind parameters

are then used to derive a series of input solar wind driving voltages for the WINDMI

model.

2.5.2 Solar Wind-Magnetosphere Coupling Functions

Solar wind dynamo voltage is generated in the Earth’s frame from conduct-
ing plasma with frozen in magnetic field moving past it. E = —ugw x B. The term
“dynamo” is borrowed from electrical engineering to describe the energy flow associ-
ated with magnetic reconnection at the magnetopause. There are several candidate

coupling functions for the driving voltage and three are considered in this work: the
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Rectified, Siscoe, and Newell coupling functions.

The Rectified driving voltage [5, 39] is given by vbulkBéMFLzﬂ, where vk 1S
solar wind bulk velocity in GSM coordinates, BéMF is the southward IMF component
(BIMF = — BIMF for BIMF < ()and Lzﬁ ~ 10Rg is an effective cross-tail width over
which the dynamo voltage is produced. The half-wave rectified dynamo voltage
has a base voltage of 40 kV for northward IMF BIMF > 0 and for southward IMF

BMF < 0 the driving voltage is

Vit = 40(kV) + v BEMF LT (2.10)

The second coupling function is given by [45], [46], and [35] as the poten-
tial drop around the magnetopause from magnetic reconnection in the absence of

saturation mechanisms. The formula is given by

VS (kV) = 30.0(kV) + 57.6 Egy (mV /m) P % (nPa) (2.11)

where Egw = vpux BT sin(g) is the solar wind electric field with respect to the magne-
tosphere and the dynamic solar wind pressure Py, = nswmpvgulk. The perpendicular
component of the the magnetic field is given by Bp = (B; + 32)1/2. Here my, is
the mass of a proton and only the proton density contribution has been included in

ngw. The IMF clock angle 6 is given by tan™!(B,/B,).

Newell et al. [34] compared the correlation of 20 candidate coupling functions

with geomagnetic indices. The function which represents the rate of magnetic flux
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d®yrp /dt opening at the magnetopause correlated best with 9 out of 10 indices and

it is our third coupling function, given as
dDyp /dt = vpui /3B 3sin8/3(g). (2.12)

The driving voltage can be calculated as
VN = 40(kV) + vd®yp/dt, (2.13)

hereinafter referred to as the Newell driving function. The unit conversion factor
v = @/m has been added for correct WINDMI model input units and it is
the ratio of the average Rectified voltage to the magnetic flux for the storm period.
In the Newell et al. [34] study only correlations were computed and therefore specific

units were not necessary.
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Chapter 3

Effect of Interplanetary Shocks on the AL and Dst
Indices

3.1 Introduction and Methodology

In order to understand the effect of IP shock/sheath events on geomagnetic
activity, the WINDMI model is used Analytic solar wind plasma fields are con-
structed from ACE data for the 3-6 October 2000 event and derive an analytic in-
put driving voltage. Solar wind velocity and magnetic field strength variation across
interplanetary shocks are correlated with the Dst index [11]. In addition multiple
interplanetary magnetic structures are more geoeffective than single interplanetary
magnetic structures [10]. Shock effects on the aurora as measured by the FAST and
DMSP satellites have been studied by Zhou et al. [62]. It was found that there was a
significant increase in electron precipitation the dawnside and duskside auroral oval
zone after the shock/pressure pulse arrivals. There are three basic phenomena that
can lead to perturbations in the AL and Dst: 1) the CME, as defined by its compo-
sition or magnetic field configuration 2) the sheath compressed solar wind and 3) the
shock itself. The role of the shock events are examined by removing both the shock
and sheath features individually from each analytic plasma field: solar wind density,
velocity, and interplanetary magnetic field (IMF) magnitude, then examining the

change in the WINDMI output of AL and Dst. Analysis of the WINDMI AL and
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Dst results for these events using ACE data as input is given in Spencer et al. [48].

3.2 Analytic ACE Data

The analytic fits to the ACE data were constructed using hyperbolic tan-
gent functions. To study the role of the shock, the shock and sheath features are
removed from the solar wind parameters (ugsy, nsw, B ) individually while the ICME
signature is kept. The shock and sheath features were removed from the data for
the duration of the shock time up until before the associated ICME signatures.
The methodology is to test the effect of each shock/sheath feature on the geospace
response by removing the feature from the analytic fields while the other fields

downstream remain unchanged.

To compute an analytic driving voltage, fields for solar wind velocity ugy,
proton density ngy, and magnetic field magnitude B were created. Figure 3.1
shows how the model fields without the compressional jumps in the solar wind
B, = (Bf, + B2)1/2 are expressed for the April 2002 storm. The three curves in
the top panel give the analytic model B, profile with the first S1 (dashed line),
second S2 (dotted line), and third S3 (solid line) shock/sheath features individually

removed. The bottom panel shows the ACE magnetometer data for the B signal.

It is recognized that the self-consistent steady state shock models would
require that the jump in B| and the density be kept or dropped simultaneously.

In practice the shocks are not satisfying the steady state constraints and so the
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Figure 3.1: The bottom panel shows the ACE data for the solar wind B| = (Bg +

Bg)l/ 2 during the April 2002 storm. The top panel shows the analytic parameter
for the solar wind B, for which certain shock/sheath features have been removed
from the analytic shock field based on the ACE data.
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structures appear with a variety of jumps. From another perspective, the use of
independent jumps in the magnetic and density fields can be viewed as virtual

displacements as used in classical mechanics.

Figure 3.1 bottom panel shows the ACE data for the solar wind B; =
(Bg + Bz)l/ 2 during the April 2002 storm. The top panel shows the analytic plasma
field for the solar wind B for which certain shock features have been removed from

the analytic shock field based on the ACE data.

The solar wind driving voltage was calculated using the Siscoe Eq. 2.11
described in subsection 2.5.2 with the analytic solar wind fields with and without
the shock/sheath feature. Using this input solar wind driving voltage the model

outputs were compared with and without the shock/sheath.

3.3 Event Descriptions and WINDMI Analysis
3.3.1 15-24 April 2002

In Figure 3.2 ACE data during this period shows three fast forward shock
events which signal the arrival at Earth of CMEs from solar eruptions on 15, 17,
and 21 April. ACE IMF data and compositional signatures (elevated oxygen charge
states O7T/05% and unusually high Fe charge states) were used to identify the
signatures of the ICME in the data. The first shock event (S1) was observed by ACE
at 1020 UT on 17 April moving at the calculated shock speed of 480 km/s and is
associated with a halo CME with brightness asymmetry observed by SOHO/LASCO
at 0350 UT on 15 April moving at the plane-of-sky speed of 720 km/s away from

the Sun [31]. The CME driving the shock is observed by ACE as a MC beginning at
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Figure 3.2: Top panels: ACE solar wind data for 15-24 April 2002 in GSM coor-
dinates showing the interplanetary magnetic field components B, and B, proton
number density nsy, and solar wind flow velocity u,(¢). Three interplanetary shocks
are identified by S1, S2, S3 occurring at 1020 UT 17 April, 0801 UT 19 April, and
0414 UT 23 April. Bottom panels: The corresponding time advanced AL and Dst
data during this period shows substorm (shaded) and storm activity.

the start of 18 April and continuing until approximately 1900 UT. The shock and
sheath features in the data are taken from 1020 UT (S1) to 1450 UT on 17 April.
Seven sawtooth oscillations were observed on 18 April from about 0200 UT to 2100
UT whose signature can be seen in the AL shown in the bottom panels of Figure 3.2

as the shaded region. The Dst, also shown in this figure, reaches a -127 nT during

this time.
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The second shock event (S2) was observed at 0801 UT on 19 April with a
speed of 650 km /s and is associated with a halo CME with outline asymmetry which
left the Sun at 0826 on 17 April moving with the plane-of-sky speed of 1240 km/s [6].
The shock on April 19 was followed by a more complicated solar wind disturbance
observed by ACE from 1500-2000 UT 19 April and 1000 UT 20 April to 1200 UT 21
April likely resulting from a subsequent CME which dynamically interacts with the
perturbation ahead. The interacting signatures looked qualitatively comparable to
the well-documented case of October-November 2003 [65], but with clear signatures
of solar wind between the two interacting CMEs. The shock/sheath features are
taken from 0801 UT (S2) to 1300 UT on 19 April. This solar wind disturbance
triggered a magnetic storm with Dst minima of -126 nT and -124 n'T building up
in the main phase and -148 nT and -149 nT at storm peak. The third shock event
(S3) arrived during the recovery phase at 0413 UT on 23 April with a speed of 680
km/s and is associated with an X-class flare and partial halo CME with outline
asymmetry leaving the Sun at 0127 UT on 21 April with the plane-of-sky speed
of 2393 km/s. The magnetosphere was clipped by the shock/sheath region rather
than the ICME, producing a weak magnetic storm with minimum Dst of only -56
nT. Halo CMEs experience maximum projection effects in coronagraph images and
therefore the plane-of-sky speeds should be taken as a lower limit of the actual speed.
The shock dates and times are listed in Table 3.1 and the date, time and speed of

the associated CMEs are taken from the SOHO LASCO CME catalog [60].
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Table 3.1: A listing of observed ACE IP Shock dates, times, and calculated speeds
(assuming a parallel shock) during 15-24 April 2002, with associated SOHO CME
times and speeds. Dates of observed magnetic cloud structure in ACE IMF B, B.,
and clock angle are also listed.

Shock Speed ICME Signature CME Speed

(uT) (km/s) (uT) (kn/s)

17 Apr 1020 480 1800 UT 17 Apr-1900 UT 18 Apr 15 Apr 0350 720

19 Apr 0801 650 1500-2000 UT 19 Apr 17 Apr 0826 1240
1000 UT 20 Ap-1200 UT 21 Apr

23 Apr 0414 680 none 21 Apr 0127 2393

In Figure 3.3 the WINDMI results from runs using both data and analytic
input fields are compared to results from which the shock/sheath feature has been
removed from B, . The analytic shock field B without all three § B} shock/sheath
features (top panel of Figure 3.1), and ACE data for the ugy, and ng, parameters
were used to derive the input solar wind dynamo voltage shown in the top panel
of Figure 3.3 (solid black line). WINDMI —AL and Dst results for this input are
shown in the middle and bottom panels (dashed lines), respectively. When the §B |
shock/sheath feature is removed there is a significant decrease of 50% in the AL
peaks -1600 nT (17 April 1100 UT), -1824 nT and -1851 nT (19 April 1648 UT and
20 April 0451 UT), and -1297 nT (23 April 0741 UT) associated with these shocks.
Model results for the Dst (bottom panel of Figure 3.3) show a —Dst decrease of
10-20% for roughly 12 hours after the first shock (17 April 1120 UT to 18 April
0700 UT) and a decrease of 20%-30% after the second shock (19 April 0900 UT to

20 April 0400 UT).
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WINDMI Results for all Shocks Removed from BL
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Figure 3.3: WINDMI results for Vg input derived from solar wind parameter data
or analytic parameters for which all three shock/sheath features have been removed
from B, . The analytic shock field B, without the shock/sheath features (top panel
of Figure 3.1), and ACE data for the ug, and ng, parameters was used to derive
the input solar wind dynamo voltage shown in the top panel. WINDMI —AL and
Dst results for this input are shown in the middle and bottom panels (dashed lines),
respectively. decrease of 50% in the three AL peaks times and there is

42



The jump 6 B, has the most significant impact on the AL and Dst compared
to the other parameters. Removing the shock/sheath features from wugy, produces
a slight decrease of 15%, 25% and 10% in the first, second, and third AL peaks
respectively. There is only a slight increase of 10% and 5% of the first and third AL
peaks when the shock/sheath features are removed from ng,. The compressional
jump 6ngy is only ~ 2em™3 for the second shock event. When the shock/sheath

features are removed from all of the plasma fields (BM¥

, Usw, Ngw) the —AL peaks
decrease by a similar amount as when the § B features are removed only. The jump
0B has the most impact on producing the three — AL peaks during this storm. The
second shock/sheath combination on 19 April at 0801 UT which produced AL peaks

of -1824 nT and -1851 nT is the most effective of the three shocks.

3.3.2 3-6 October 2000

An unusual feature of the 3-6 October 2000 solar wind driver was the ap-
pearance of a fast forward shock advancing into a preceding magnetic cloud [57].
ACE data shows a magnetic cloud from 3 October at 1018 UT through 5 October
at 0534 UT lasting about 42 hours. The signature of the magnetic cloud can be
seen from the sinusoid-like waveforms of BéM Fand BIMF as the IMF clock an-
gle changes linearly through an angle of 180° during this period. The fast forward
shock occurs at 0240 UT on 5 October with a calculated shock speed of 534 km/s
and compression ratio of 2.3. There are jumps in the velocity from 364 km/s to 460
km/s, in the proton density from 7 cm ™3 to 16 cm ™3, and in perpendicular magnetic

field from 7 nT to 16 nT across the shock front.

43



The AL data shows a first large spike with a peak of -1938 nT occurring at
0651 UT on 5 October 2000. A second, larger spike of approximately -2790 nT in the
AL index occurs at 1210 UT on 5 October 2000 initiated by a strong southward IMF
excursion detected at ACE about an hour earlier. Periodic substorms occur in the
interval of 0600-1200 UT 4 October and have been identified as sawtooth oscillations
by Huang et al. [18] and Reeves et al. [38]. The Dst minimum of -180 nT is reached
on 5 October slightly after the strong southward IMF surge. Consistent with April
2002 analysis, when the shock/sheath feature is removed from B, the first AL peak
of -1938 nT occurring at 0720 UT 5 October 2000 decreased by ~50%. There is
also a decrease of —Dst by ~25% after the shock arrival time. The AL peak only
decreases by 10% when the shock/sheath is removed from ug, and the removal of
the feature from ng, produces an increase of 10% in the AL peak. Again, when
the shock is dropped from all three plasma fields the result is similar to removing
the 0 B, shock only. These results demonstrate that the first large AL peak was

triggered by the shock/sheath front, and most strongly by the B jump.

3.4 Conclusions

The question of how much IP shock/sheath events contribute to the geo-
effectiveness of solar wind drivers was examined based on a series of numerical
experiments with WINDMI using observed solar wind drivers for the 15-24 April
2002 and 3-6 October 2000 events, each of which had interesting shock features.

IMF
BJ_

In these experiments, analytic fits to solar wind input parameters ( , Usw, and

nsw) allowed shock /sheath features to be easily removed while leaving other features
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of the solar wind driver undisturbed. Percent changes in WINDMI-derived AL and
Dst indices between runs with and without the observed shock/sheath feature were
taken as a measure of its relative contribution to the geoeffectiveness. The inter-
planetary shock/sheath events during these storm periods are strongly related to

storm and substorm geomagnetic activity predicted by the WINDMI model.

The §B, jumps at the shocks/sheath have a strong impact on the three AL
peaks during the April 2002 storm. During the October 2000 storm the first large
AL spike was triggered by the shock/sheath feature in B . The Siscoe et al. solar
wind dynamo voltage includes contributions from the number density, clock angle,
and BJMF (BIMF = (B2 + B2)1/2) which are not included in the rectified ugy B, L,
dynamo voltage more typically used. This is particularly important for the April
2002 shocks in which, for example, the second shock had a §BIMF < 1 nT while
5B§M F ~ 10 nT therefore producing dynamo voltage Vi, =600 kV while the rectified

voltage is only 200 kV.

The solar wind-magnetosphere coupling dynamics is most sensitive to varia-
tions in the solar wind velocity and interplanetary magnetic field. This can be seen
from the equation for the input Siscoe solar wind dynamo voltage where the input

V. 2/3n_1/63i/2

w X Usw Msw so it is expected that the removal of the shock compressional
feature in the velocity and magnetic field parameters to decrease the driving voltage
Vaw, and in the number density to increase Viy. During these storms the magnetic
field components have a 1.5-3 times increase across the shock front while the ve-

locity does not increase by more than 1.5 times. The jump in the number density

can be as high as 4 times the upstream value, however, the ns}}/ 6 dependence in
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the calculated Vi, hides this effect. Also shock features in the velocity and number
density increase the solar wind dynamic pressure which causes the magnetopause to

move close to the Earth and produces stronger coupling.
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Chapter 4

Real-Time WINDMI Model

4.1 Introduction

The rapid forecasting of magnetospheric storms and substorms from solar
wind data with reliable models is of wide interest and important for protecting the
space infrastructure of communication and global positioning spacecrafts. There are
basic constraints from plasma physics that forecasting models must observe. The
models need to forecast the standard geomagnetic indices used to define substorms

and storms such as the AL and Dst indices.

Real-Time WINDMI, an extension of WINDMI, is used to predict AL and
Dst values approximately one hour before geomagnetic substorm and storms event.
Subsequently, every ten minutes ground based measurements compiled by WDC Ky-
oto are compared with model predictions (http://orion.ph.utexas.edu/~windmi/realtime/).
The performance of the Real-Time WINDMI model is quantitatively evaluated for
twenty-two storm/substorm event predictions from February 2006 to August 2008.
Three possible input solar wind-magnetosphere coupling functions are considered
(Section 2.5.2): the standard Rectified coupling function, a function due to Siscoe,
and a recent function due to Newell. Model AL and Dst predictions are validated
using the average relative variance (ARV), correlation coefficient (COR), and root

mean squared error (RMSE).
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There are many models for the Dst, including Burton et al. [5], Klimas et al.
[25], O’Brien and McPherron [36], Temerin and Li [52, 53]. Models for the electrojet
currents and the AL index include Bargatze et al. [3], Klimas et al. [26], Klimas et al.
[24], Li et al. [28]. Temerin and Li [53] have reported a high accuracy in Dst predic-
tion with COR=0.956, PE=0.914, and RMSE=6.65 nT for the period of 1995-2002.
The complex empirical AL model of Li et al. [28] achieves COR=0.795, PE=0.524,
and RMSE=88 nT for 1997-2001. The comparison of Real-Time WINDMI with
other AL and Dst models is being considered for analysis as model results during

solar maximum are accumulated.

4.2 Real-Time WINDMI

For Real-Time WINDMI nominal values of the WINDMI parameters are
used for all events. The parameters can also be optimized (against the Quicklook Dst
data) within physically allowable ranges, using a genetic algorithm. The optimized
results are only meaningful when the real-time Quicklook Dst data is available and

reliable.

The three coupling functions described in Section 2.5.2 are calculated sim-
ilarly to WINDMI, except real-time ACE solar wind data is used. Real-time mea-
surements of solar wind proton density nsyw, solar wind bulk velocity wvpuy, and

interplanetary magnetic field Bpyr are available from ACE in one minute intervals.

Every ten minutes the data and and WINDMI model predictions for the con-
current runs are shown on the website: http://orion.ph.utexas.edu/~windmi/realtime/.

WINDMI model runs can also be requested from the Community Coordinated Mod-
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eling Center (http://ccme.gsfc.nasa.gov/). For this work the trigger threshold for
storm activity is set to a Dst level of below -50 nT and for substorm activity the
trigger threshold is set to an AL level of below -500 nT. There is an automated

email alert system which notifies of predicted activity.

4.3 Measures of Performance

For a time series ¢ = 1,2,...IN of predicted model values x; and observed
data values y;, three measures of the agreement between the model and the data are

used.

The average relative variance (ARV) is the primary measure used and is
given by
Bi(xi — yi)?

ARV = =2~
(g — yi)?

(4.1)
The ARV approaches zero when the model output and data converge to each

other. When the ARV is equal to one then the model is only as good as the average

of the data. The prediction efficiency (PE) is given by PE =1 — ARV
The correlation coefficient (COR) is given by

Yi(ri —2)(yi — 1)
020y

COR =

(4.2)

and is a measure of how well correlated the model is to the data with COR =
0 meaning they are uncorrelated, COR > 0 for a positive correlation, and COR < 0

for a negative correlation.
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The root mean squared error (RMSE) quantifies the amount by which the

model differs from the data and is given by

RMSE = \/Si(z; — yi)?/N (4.3)

The RMSE has the units of the data (nT) and thus is useful for inferring the
range of uncertainty in the predicted signal. Small RMSE values are indications of

model results in good agreement with data.

4.4 Real-Time WINDMI Results: February 2006 - August 2008
4.4.1 Event Selection

Twenty-two storms and or substorm events between February 2006 - August
2008 were selected for model performance analysis. The events are shown in Table
4.1 and were selected based on Real-Time WINDMI results triggering on a threshold
of Dst < -50 nT or AL < -400 nT. This is only a subset of larger substorm events
between February 2006 - August 2008 that meet this criteria and there were many
other mostly smaller substorm events during this period that are not well defined.
The time interval was selected such that the initial, main, and recovery phases of the
Dst signature were included. The time interval must also include any AL activity

above 400 nT but starts and ends with a “quiet-time” AL of less than 100-200 nT.

The WDC Kyoto minimum Dst and AL data and Real-Time WINDMI
minimum Dst and AL predictions for both input drivers are also shown in Table
4.1. Seven of the twenty-two events had sudden storm commencement. The mean

Dst index data is -64.3 nT and and the mean AL index is -1252.6 nT for these
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selected events. The time interval chosen for each event was determined using both
AL and Dst data. The time interval used to evaluate model performance was a
subset of each event only during a shorter period around which storm or substorm
activity was above the threshold. For each event, the given activity time range was

fixed for both AL and Dst comparisons.

4.4.2 Model Performance

Concurrent runs of the Real-Time WINDMI model are performed using the
input solar wind Rectified driver, Siscoe driver, or Newell driver with WINDMI
model nominal parameters. The model parameters are held fixed for all driver inputs
and events and therefore variations in the model output are due to differences in
the driving voltage. The performance of the model was measured with the average
relative variance (ARV), correlation coefficient (COR), and root mean squared error
(RMSE) for each event. These metrics are defined in Section 4.3. In this work ACE
Level 2 data was used in the calculations instead of ACE real-time data which is
normally used on the Real-time WINDMI website. WDC Kyoto AL and Dst data
and model comparisons were calculated using provisional values when available.
For this work, provisional AL data was available for all of the events, Dst data
was provisional up to January 2007, and so Quicklook Dst data was used for the

remaining events.

The mean AL and Dst ARV of all of the events is shown in Table 4.2 for
the three input coupling functions. In Table 4.3 the mean AL and Dst correlation

coefficient is shown. For the twenty-two events, the AL prediction performance has
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Table 4.1: The list of 22 events for which storms and/or substorms have been
predicted by Real-Time WINDMI from February 2006 to August 2008.The WDC
Kyoto minimum Dst and AL data for each event are given in the first two columns.

Data® Real-Time WINDMIP
Min. Min. Min.
Date | Dst (nT) AL (nT) Dst (nT) AL (nT)
2-8 Apr 2006¢ -87 -1179 -26/-40/-45 -270/-341/-267
8-11 Apr 2006 -80 -1045 -40/-35/-47 -402/-395/-461
13-18 Apr 2006 -111 -1598 | -125/-134/-122 -1123/-1000/-1017
6-9 Aug 2006 -44 -1556 -31/-42/-46 -398/-406/-465
17-23 Aug 2006 71 -1697 -68/-56/-87 -758/-426/-811
23-26 Sep 2006°¢ -56 -1167 -20/-27/-30 -347/-307/-380
20-22 Oct 2006° -28 -822 -17/-33/-27 -224/-348/-320
9-12 Nov 2006 -51 -1622 -37/-43/-45 -709/-436/-460
29 Nov to 1 Dec 2006 74 -1704 -49/-47/-63 -432/-370/-451
5-8 Dec 2006 -48 -1175 -28/-34/-40 -386/-318/-379
14-18 Dec 2006 -146 -2349 | -180/-193/-228 -1779/-1423/-1752
28-31 Jan 2007 -40 -1296 -30/-38/-38 -533/-428 /-506
22-27 Mar 2007 -69 -1032 -43/-36/-66 -400/-348/-602
31 Mar to 4 Apr 2007 -63 -813 -27/-26/-37 -380/-332/-401
16-19 Apr 2007¢ -47 -584 -22/-38/-37 -311/-381/-385
27 Apr to 1 May 2007 -56 942 -29/-32/-43 -399/-349/-454
21-26 May 2007 -63 -1259 -54/-48/-61 -736/-437/-699
10-13 Jul 2007 -40 -896 -27/-35/-58 -375/-350/-814
13-17 Jul 2007 -46 -891 -38/-33/-63 -410/-342/-746
25-28 Oct 2007 51 -1047 -25/-32/-37 -364/-381/-436
19-23 Nov 2007 -71 -1552 -41/-82/-57 -654/-855/-716
7-10 Mar 2008 72 -1332 -39/-37/-50 -937/-440/-856

8The AL data are provisional, the Dst data are provisional up to January 2007, and from January
2007 onwards the Dst data are Quicklook. The minimum Real-Time WINDMI Dst and AL pre-
dictions are given for the Rectified, Siscoe, and Newell input drivers in the last two columns.

PHere the first value is the result using Rectified input driver V.28 (Equation 2.10), the second value

is the result using the Siscoe input driver V5, (Equation 2.11), and the third value is the result

using the Newell input driver V2, (Equation 2.13).
®The model AL and Dst did not reach the defined activity threshold for the alerts and were not

detected. They are close to the thresholds and are included here for statistical analysis.
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Table 4.2: Mean Average Relative Variance (ARV) measures of Real-Time WINDMI
model results with the AL and Dst index are shown in the second and third columns.
for the selected events from February 2006 - August 2008 (listed in Table 4.1). The
ARV is calculated using Equation 4.1 in Section 4.3.

Feb. 2006 - Aug. 2008 Selected Events, Mean ARV

Input Mean AL ARV | Mean Dst ARV
Rectified VB | 0.38 +£ 0.21 0.37 £ 0.27
Siscoe V.3, 0.41 £+ 0.16 0.42 £+ 0.23
Newell VY 0.33 + 0.17 0.54 + 0.39

Table 4.3: Mean correlation coefficient (COR) of Real-Time WINDMI model results
with the AL index are shown in the second column and with the Dst index in the
fourth column. The third column shows the mean direct correlation between the
calculated input driving voltage Vi, and the AL index. The COR is calculated using
Equation 4.2 in Section 4.3.

Feb. 2006 - Aug. 2008 Selected Events, Mean COR

Input Mean AL COR | Mean AL Direct COR | Mean Dst COR
Rectified VES | 0.62 + 0.13 0.40 + 0.20 0.80 + 0.12
Siscoe V3, 0.52 + 0.15 0.37 + 0.18 0.77 £ 0.13
Newell VY 0.64 £+ 0.12 0.42 £+ 0.18 0.79 + 0.14

a mean ARV = 0.38 £ 0.21 and COR = 0.62 + 0.13 using the Rectified voltage
as input. When the Siscoe voltage is used as input the mean AL ARV = 0.41 +
0.16 and COR = 0.52 4+ 0.15. The Newell input coupling function has the best AL

performance of the three with a mean ARV = 0.33 + 0.17 and COR = 0.64 + 0.12.

The best Dst prediction is obtained from the Rectified input voltage with
a mean ARV = 0.37 4+ 0.27 and COR = 0.80 4+ 0.12. For Siscoe voltage input the
mean Dst ARV = 0.42 £+ 0.23 and COR = 0.77 £+ 0.13. The mean Dst ARV = 0.54

+ 0.39 and COR = 0.79 £ 0.14 results for the Newell input show that the Newell
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input coupling function did not perform as well as the Rectified and Siscoe input.
However, the mean Dst COR for all three input functions are very similar with only

a few percent differences.

Table 4.3 also shows the direct correlation coefficient of the AL index with
the input solar wind driving voltage (calculated from data) in the third column. The
direct correlation of Dst index with the input driving voltage is not shown as the
model Dst will always have a higher correlation with the Dst index data than the
input coupling function, because the Dst a time integrated index. The mean direct
correlation coefficient for the AL is COR = 0.40 4+ 0.20 with the Rectified, COR =
0.37 &£ 0.18 for the Siscoe input, and COR= 0.42 + 0.18 for the Newell input. The
model AL correlates with the AL index data at least one standard deviation better

than a direct correlation of each coupling function with the AL data.

The mean RMSE of the events is shown in Table 4.4 and the values confirm
the ARV and COR comparisons of the three coupling functions. The AL prediction
has an average RMSE = 111.5 + 39.5 nT, 126.1 + 52.4 nT, and 125.2 + 45.5 nT for
the Newell, Rectified, and Siscoe input voltages respectively. For the Dst prediction
the average RMSE = 9.8 + 3.4, 10.7 £+ 4.0, and 11.9 £+ 6.9 nT for the Rectified,

Siscoe, and Newell coupling functions.

Storm prediction can also be assessed from the statistical decision process
perspective. Using the storm event selection criteria we define “correct” to mean
the data Dst < -50nT and the model was also Dst < -50nT. The type I error or
“false negative” means the data Dst < -50nT and the model Dst was not < -50nT.

The type II error or “false positive” means the data was not Dst < -50nT and the
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Table 4.4: Mean values of the Root Mean Squared Error (RMSE) of Real-Time
WINDMI model results with the AL and Dst index are shown in the second and
third columns. The RMSE is calculated using Equation 4.3 in Section 4.3.

Feb. 2006 - Aug. 2008 Selected Events, Mean RMSE

Input Mean AL RMSE | Mean Dst RMSE
Rectified VES | 123.2 + 52.4 9.8 + 3.4
Siscoe V.3, 126.1 + 45.5 10.7 &+ 4.0
Newell VY 111.5 + 39.5 11.9 £ 6.9

model Dst was < -50nT. The statistical Dst decisions are evaluated from Table 4.1
and for the Rectified or Siscoe input there are 4/15 (73.3%) correct, 11/15 (26.7%)
false negatives, and 0/15 (0%) false positives. For the Newell input there are 8/15

(53.3%)correct, 7/15 (46.7%) false negatives, and 0/15 (0%) false positives.

WINDMI model results can be compared with a simple persistence model in
which the prediction is the AL or Dst value from the previous hour. The persistence
Dst prediction performs very well with an average ARV = 0.06 £+ 0.04 and COR =
0.94 + 0.03. These results are consistent with the Dst measuring the time integrated
strength of the large scale ring current which is not strongly influenced by chaotic
magnetosphere processes. The AL persistence prediction does not perform as well
as the WINDMI model with an average ARV = 0.52 + 0.27 and COR = 0.43 4+ 0.16.
The AL index measures the smaller scale electrojet currents which are dependent on
magnetosphere turbulence and the solar wind-magnetosphere dynamic interaction

and therefore the AL is better characterized by the WINDMI model.
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4.5 Real-Time WINDMI Results: 14-18 December 2006

ACE solar wind data for the largest event, 14-18 December 2006, is shown
in Figure 4.1. The Rectified, Siscoe, and Newell input driving voltages for this
period are shown in Figure 4.2, and the Real-Time WINDMI results, AL, Dst,
and symH data are shown in Figure 4.3. This event has also been selected by
the GGCM (Geospace General Circulation Model) Metrics and Validation Focus
Group of the GEM (Geospace Environment Modeling) workshop as a targeted event
modeling challenge with focus on the inner magnetospheric dynamics using data

from magnetopause crossings by geosynchronous satellites.

A halo CME occurs at 0254 UT on 13 December with a projected speed of
1774 km/s and is accompanied by an X3.4 flare [32, 30]. ACE solar wind data for
this period is shown in Figure 4.1. There is a shock at 1352 UT on 14 December
in the ACE number density and velocity data with a speed of 1030 km/s [30]. The
magnetopause standoff distance computed using the Shue et al. [42] equation and
ACE data is shown in Figure 4.4. Sudden storm commencement occurs at 1414 UT
on 14 December and the Dst reached -146 nT at 0730 UT (the midpoint of the hourly
Dst interval) on 15 December. In recent years a new index, symH, representing ring
current development with a l-minute temporal resolution, has become available
[21] and can be used as a higher-resolution version of Dst [58]. On 15 December,
minimum symH reached -211 nT at 0056 UT and hourly-averaged symH -191 nT
at 0030 UT. The minimum AH values at the Earth due to the ring current in
WINDMI are -180/-193/-228 nT for the Rectified/Siscoe/Newell driver voltages at

0914/0926/0924 UT, respectively, on 15 December. These values are very close to
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Level2 ACE Data (12/14-12/18,/2006)
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Figure 4.1: ACE solar wind number density, velocity, and interplanetary magnetic
field data for 14-18 December 2006 in GSM coordinates show a shock at 1352 UT
on 14 December with a speed of 1030 km/s.
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Input Driving Voltage Vsw (12/14-12/18/2006)
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Figure 4.2: Rectified V.25 (blue), Siscoe V3, (red), and Newell V. (green) input
solar wind driving voltages for 14-18 December 2006.

the observed minimum symH but are significantly lower than the observed minimum
Dst. In addition, the minima in Dst and symH occurred 1.75-2 hours and 8.5 hours
earlier, respectively, than the WINDMI minimum Dst prediction. As a result, the
ring current was well into its recovery phase by the time WINDMI predicted peak
ring current energy content. The observed earlier recovery of the symH and Dst
compared to WINDMI is most likely due to a drop in the nightside plasma sheet
density (ring current source population) observed by the LANL geosynchronous
satellites [data from CDAWeb, courtesy of LANL]. Decreases in plasma sheet density
on the nightside are known to be a contributing factor at times in the ring current
decay, such as in the 25 September 1998 magnetic storm[27, 29, 22]; but these
variations are not represented in WINDMI. This drop in plasma sheet density could

be the cause of the observed Dst beginning rapid recovery while WINDMI and all
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WINDMI Results (1 2/1 4—12/1 8/2006)
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Figure 4.3: Real-time WINDMI AL and Dst results for 14-18 December 2006. Model
results using as input the Rectified voltage V2% are shown in blue, the Siscoe voltage

ngv in red, and Newell voltage V.Nin green. WDC Kyoto
data is shown in black, and the SYM-H data in gray.
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Figure 4.4: Magnetopause standoff distance Ry, computed using the Shue et al.
[42] equation and ACE data for 14-18 December 2006
other ring current models to predict a continuing growth of the ring current based

on the upstream solar wind parameters of strong southward IMF.

The AL index shows much activity with large negative spikes of -1690 nT,
-1732 n'T, and -1555 nT on 14 December at 1451 UT, 1549 UT, and 1802 UT, and
larger negative spikes of -2191 nT, -2349 n'T, -2237 nT, and -2183 nT on 15 December
at 0246 UT, 0324 UT, 0852 UT, and 1135 UT. WINDMI missed the AL spike at
1451 UT on 14 December associated with shock arrival. This is illustrated in Figure
4.5 which is a closer look at the magnetopause standoff distance on 14 December

along with the AL data. WINDMI predicted the timing and magnitude of next
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two AL spikes quite well. But then underpredicted the magnitude of the larger AL
spikes of substorm activity on 15 December which are associated with a strong spike
in northward IMF during a strong, steady southward IMF. The AL and AU data
for 15 December are shown in Figure 4.6. This is particularly interesting because
the AL spikes at 0324 UT and 0852 UT on 15 December both preceded large drops
in nightside plasma sheet density that contributed to intervals of rapid ring current
recovery seen in the Dst not reproduced in WINDMI and other models. The severe
substorm on 15 December triggered by the strong northward IMF spike appears to
have interrupted the supply of plasma sheet material to the inner magnetosphere
and changes the dynamics of the magnetotail. If the magnetotail is shortened or
distorted by the ejected plasmoid the subsequent substorms could be triggered by
a method different from the triggers and parameterizations included in WINDMI.
Such as an internally-driven periodic response of the magnetosphere set off by the

first triggered substorm, which has been proposed for the 25 September 1998 event.

There is ongoing work with collaborators in the community targeted study
of the 14-18 December 2006 event to see how (1) MHD models evolve throughout
this and similar events, and (2) if MHD models coupled with kinetic ring models
reproduce the Dst behavior, and (3) if these models capture the substorms after the

most severe one.

4.6 Discussion and Conclusions

For the time period between February 2006 to September 2008, twenty-two

storm and/or substorm events are studied based on forecasts with the Real-Time
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Figure 4.5: Zoom in on magnetopause standoff distance shown in Figure 4.4 for 14
December. The shock times at ACE are marked by dotted red lines and the AL
spikes by solid red lines. The first AL spike not captured by WINDMI is thought
to be a result of the sudden dayside compression associated with shock arrival.
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Figure 4.6: AL and AU data for 15 December with AL spikes marked by solid red
lines with values -2191 nT, -2349 nT, -2237 nT, and -2183 nT at 0246 UT, 0324 UT,
0852 UT, and 1135 UT.
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WINDMI model. The model has been working reliably for two years with an email
alert system set to a threshold of -50 nT and -400 nT for the predicted Dst and AL

respectively.

The performance of the model is evaluated for twenty-two events (see Table
4.1) with the Average Relative Variance (ARV), correlation coefficient (COR), and
Root Mean Squared Error (RMSE) by comparing model results to AL and Dst
data from WDC Kyoto. The Newell input function yielded the best model AL
predictions by all three measures (mean ARV, COR, and RMSE), followed by the
Rectified, then Siscoe input functions. Model AL predictions correlate at least one
standard deviation better with the data than a direct correlation between the input

coupling functions and the AL index.

The Rectified input has the best mean Dst ARV by a percent difference of
13% and 37% from the mean Dst ARV of the Siscoe and Newell inputs respectively.
The mean Dst COR and RMSE measures do not readily distinguish between the
three input coupling functions. The solar wind input driver which produces the best
Dst and AL WINDMI model predictions are different for each index. This suggests
that different solar wind-magnetosphere coupling physics may be responsible for

producing the electrojet and ring current.

Spencer et al. [49] show that the Newell input function yields slightly better
Dst results and the Rectified input slightly better AL results when used with an
optimized parameter set. However, their study was for large geomagnetic activity
of long duration (15-24 April 2002) for which the input coupling functions were

evaluated after WINDMI model parameter optimization on a large previous event
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(3-7 October 2000).
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Chapter 5

Dayside WINDMI Model

5.1 Introduction

The dynamics of the dayside magnetosphere is determined by the upstream
solar wind, the bow shock, and the downstream sub-Alfvénic and subsonic fast flows
in the magnetosheath around the magnetopause. The WINDMI model discussed in
Section 2 describes the coupling of the solar wind to the nightside inner and outer
magnetosphere system. The model set forth here describes how plasma energy
flows from the solar wind driver through the dayside magnetopause into the mag-
netosphere. The oscillations of the dayside magnetopause boundary from sudden
changes in solar wind properties is derived. The system describes three semi-global

Alfvén oscillations of the dayside plasma.

The sudden storm commencement as observed in the Dst arising from the
Chapman-Ferraro magnetopause current at dayside magnetopause boundary is mod-
eled. The addition of this term to the tail current contribution to the Dst derived

from WINDMI yields a more detailed WINDMI Dst model.

The new dayside model gives six ordinary differential equations that describe
the dynamics from the upstream solar wind driver though this region. Dayside
WINDMI is divided into the bow shock current loop, the dayside region 1 field

aligned current, the dayside region 2 field aligned current, and the Chapman-Ferraro
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current. The AU index measures the strength of the dayside eastward auroral
electrojet and can be modeled by dayside WINDMI from the model dayside region

1 current.

5.2 Dayside Magnetopause Dynamics

Dayside magnetic reconnection has a strong influence on the dynamics of the
entire magnetosphere. The solar wind pressure is the principally dynamic quantity
given by Py = pswv2, + BIZMF /2p0 and exerts an inward force on the dayside mag-
netopause area. The local conservation form of the momentum flow from Newton’s

second law is given by

B? BB
O (pv)+ V -[pvv—i—(p—i——)l——] =0 (5.1)
2410 o

where p is the mass density. To derive the dynamics of the magnetopause boundary
Rinp(t) the local momentum conservation form of equation 5.1 is projected on to the
shell volume Ay, Aryp containing the magnetopause, where Arp,, is the effective
magnetopause width. Equation 5.1 is integrated over the volume, using the ideal

frozen-in law for the plasma velocity v and Gauss’s law to derive
E¢ +v, B = 0 (5.2)
0 0 (—Ey
PVt = Py <7) : (5.3)
The width [y is defined as rd¢, the flux d¥ = rd¢pBy = lgrBy, and the volume

element becomes d3z = drlyds = d¥ds/B.

ov ds 0 (—FE
3 ro ¢
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A more general form of Eq. 5.2 follows from V¢-E = —V¢-vxB = —v-(BxV¢) =
v VU (Vo) = 0¥ (Ve)?, where v¥ = lsindEy = AV (t) is the contravariant compo-
nent of the MHD flow velocity v. Thus, we see that the contravariant component of
the velocity v¥ is equal to the voltage drop Vinp(t) = Eylg of area A, and thickness

Arpp. For a dayside eastward electric field the accelerated mass follows

v ds 0 AV
3y p VL @ (2L
/Q dmpat dq}/B'Oﬁt(Q)) (5.5)
mp
dv = dr B (5.6)
v ~ [ds pdV
3 1 P
e A ) gy .
/Qmp T W B (5-1)

The plasma capacitance is expressed in terms of the plasma mass density p(r,0) as
Cop = | % where the surface integral is along a constant flux tube.
6
Next the integral of the divergence of the momentum stress tensor over the

volume (2y,,;, is considered. The flux per unit [y is defined as V=10 /1l in Equation

5.6. The force acting on the plasma in the magnetopause shell of volume €2, is

]
/ BV T = / 2oL T
Qup 90=5,—51 B

BQ BSW Bsw
= / ds rsm@dqzﬁ[ ( IMF>_ n ”}
Sa(sw) 2,u0 o
BZ
— / ds dly (p+ —'9> —/ ASATmp PV
S (dip) 210 S (west)
- / dsATmppUrvg (5.8)
S (east)

where the BSY only has nonvanishing for southward IMF due to reconnection.

The magnetopause flow directly proportional to the incident dynamic pres-

sure and it is divergent and tangential to the magnetopause surface such that only
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magnetic and thermal pressure components remain.The last two terms represent
the loss of this dynamics pressure to the divergence of the momentum flux out of
the west and east sides S (west) and S (east) of the dayside magnetoapuse shell.
Following Kivelson and Russell [23] the numerical quantity  is used to estimate the
amount the pressure has been diminished by the divergence of the flow. The value
of kK = 0.844 corresponds to a 15% decrease of the solar wind dynamic pressure.
The compression factor a is also introduced due to the contribution of other current
systems to the magnetic field at the magnetopause and it has been determined em-
pirically to be 2.44. This means that the magnetic pressure of the magnetopause is

about 2.44 times that expected for a vacuum field at that distance.

The integral over {1, reduces to the boundary flows around the surfaces
OQmp of Qmp. The force-acceleration equation for the shell of width Ary, and
area App of R? is projected to the six surfaces of R%. The mean value theorem is
applied to each face to obtain the projection of the momentum balance equation
as two ordinary differential equations. The results give mechanical equations for
Runp(t) and vyp(t) = dRpmp/dt including a frictional drag to vy, in the acceleration
to account for the loss of energy radiated into ULF waves by the oscillations of the

magnetopause dipole moment. The velocity of the magnetopause boundary driven
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by the solar wind is given by the pair of equations

s (5.9)
e R

e R I
= —8;]?) — VULF MmpUmp

where Ay, is the effective nose area Ay, ~ ampRmp2(t) with amp ~ 0.1 to 0.2. The
parameters which are the coefficients of the differential equations are listed in Table

5.1. The mechanical potential energy Upnp,(R) of the magnetopause layer is given by

Amp
3

Ump(R) =

(2 P (DS (1) s

20 Ty D) R

The potential energy function describes a deep, nonlinear potential well for the
stable oscillations of the magnetopause. Excursdensityions of the magnetopause are
large only during periods of very low solar wind dynamic pressure. When U,,=0
then the magnetopause boundary velocity becomes vpp = vmp(0)e”"VLF!, such that

the kinetic energy of the magnetopause decays away as radiating ULF waves.

The ACE solar wind data for the 19-23 November 2007 event is shown in
Figure 5.1. The dynamics of Equations 5.9 and 5.10 for Ry, (t) and vy (t) are shown

in Figure 5.2 for the 19-23 November 2007 event.
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Table 5.1: WINDMI dayside parameters for the (Rmp(t) ,ump(t)) system (Equations
5.9 and 5.10).

Parameter | Value Description

Al 10 Rg Width of region 1 current loop “triangle” on
magnetopause boundary.

Armp 2 Rg Width of plasma shell over which force equation
is projected.

Crop 10000 F Plasma  capacitance  of  the magne-
topause  Cpp = [ dgf

Amp 10 R% Area of the region 1gcurrent loop which forms
the dayside R1 “triangle” plasma shell.

Pmp 2x1072% kg m™3 | Mass density of magnetopause shell.

Mup 103-10* kg Total mass enclosed in the magnetopause shell.

By 30000 nT Magnetic field at the Earth’s surface on the mag-
netic equator.

Az 20 Rp Height of ampere loop over which the magnetic

field jumps (used in the calculation of the the
Chapman-Ferraro current
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Level2 ACE Data (11/19-11/23/2007)
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Figure 5.1: ACE solar wind number density, velocity, and interplanetary magnetic
field data for 19-23 November 2007 in GSM coordinates.
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Dayside Standoff Distance Results
14 ' ' ' ' ' i ' ' '
Model Results
1 3 B Quasi-static Pressure Balance
Shue et al. (JGR, 1998)
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Figure 5.2: 19-23 November 2007: The dynamics of Equations 5.9 and 5.10 for the
magnetopause shell at R, (t) and the radial velocity v, (t) = dRmp(t)/dt.
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5.3 Sudden Storm Commencement

The sudden positive Dst jump (increase of the Earth’s surface magnetic field)
known as sudden storm commencement (see Section 1.5.1) is due to the strengthen-

ing of the Chapman-Feraro magnetopause current (see Section 1.4.2).

We define the Chapman-Ferraro current Icp(t) as
Tow(t) = Ax(Ba — BMF) /g = Az(BoR/Rop(t) - BM) g (5.12)

The perturbation ABgp can be estimated by determining the magnetic moment

Mcr of the current system,

M
ABgp = 20 TCF (5.13)

AT (Rup (1))
where Mcr = MYq —|—1\/I%F is the vector sum of the CF-magnetic moments from the
northern and southern current loops. Ry (t) is the location of the magnetopause
that carries Mcr from Equation 5.9. If we assume the Chapman-Ferraro magnetic
dipole vectors make an angle of 45° with the equatorial plane and the magnitude of
the current Icr(t) and area Apy, is the same for both hemispheres we have Mcy =
\/iMcNFéZ = \/iAmpICF(t)éz. The Chapman-Ferraro magnetic perturbation at the

center of the Earth is

@ \/iAmpICF (t)

ABcr =¢€;
AT (Runp(t))?

(5.14)

74



5.4 Tail Current Contribution to the Dst

The magnetotail configuration and current is discussed in Section 1.4.3. As
mentioned in Section 1.5.3, during geomagnetic activity the the tail current can
produce a northward magnetic perturbation at the center of the Earth which is
measured as a decrease of the Dst. Turner et al. [56] show that up approximated

one quarter of the Dst decrease is due to the effect the tail current.

The magnetic field from the tail current ABy,;(/) can be computed from

the WINDMI magnetotail current from

792 / /
AB.a(D) = - [ %dm’ (5.15)
(' + 22

_ (x/—xmax)Q

where magnetotail current distribution is estimated by I(z’) = I(t)e (ma0)®  and
the integration limits 1 ~ 6 Rg and o =~ 150Rg are the inner and outer boundaries
of the magnetotail. The distance xmax &~ 15RE is the location of the current density

profile maximum from MHD model runs.

5.5 Improved Dst Modeling

Combining the results of Sections 5.3 and 5.4 with the WINDMI Dst com-
puted from the Dessler-Parker-Sckopke relation given in Equation 1.18, the model

AB for the Dst becomes

AB = ABTC(WTC) + ABtaﬂ(I) + ABCF(ICF)- (5.16)

75



5.6 Dayside WINDMI Model

The existance and general properties of the region 1 and region 2 field aligned
currents were verified by Iijima [20] by measurements of the associated magnetic
fields. The methodology used is the same as on the nightside magnetosphere de-
scribed in Section 2.2. Figure 5.3 shows the dayside view along the Sun-Earth line
of the geometry of the region 1 field-aligned current, region 2 field aligned current,
ring current, and magnetopause current loops corresponding to the nightside current
systems shown in Figure 1.3. The current loops are not unique and extended models

could well be needed with more loops and nodes.

Dynamics of the dayside region 1 current [ fl is due to both the polar cap
potential V},c driven by the solar wind and the bow shock dynamics with current
loop Ips. The polar cap potential V. is defined from the Hill et al. [14] equation for

the transpolar potential

Vs
Vi, = —Ww 2 | 5.17
pc ‘rS%v ®S ( )

where V3 is the Siscoe coupling function from Equation 2.11 and @ is the saturated
value of the transpolar potential. The bow shock voltage V4,5 maps from the solar
wind and is similar to Equation 2.10 for the rectified driving voltage. However,
at the bow shock, the direction of the current I,s changes with the interplanetary

magnetic direction, giving a bow shock dynamo voltage of the form

Vos = _LZS'USWBiMF (518)

76



The bow shock is a powerful generator with the power Vipglps < 0. When
BiMF changes from northward to soutward V},s and Ijs both change sign such that the
Poynting flux Sy remains inward to the shock. The effective length L'[y)S over which

the voltage is generated is larger than the 10 R used for the nightside coupling.

The compression current for the perpendicular component of the IMF is

(rps — 1) Az BIMY /11 (5.19)

This network of the dayside bow shock current, region 1 field aligned current,

region 2 field aligned current forms a system of differential equations as follows

dls
Lbs d: = Vow— Vbs (5'20)
dVi —1) Az, BMF
o0 = I — I - (s )HOst 2 (5.21)
ddlfi d
Ll % = Vbs - ‘/1 + VpC (522)
dvd
Cfd—tl = I{—L -V (5.23)
drg
Lgd—f = ViV -V (5.24)
dvi!
ng—f IS — Igp — 2oV (5.25)

The dynamics of Equations 5.20-5.25 is that of three coupled, driven-damped,
nonlinear semi-global Alfvén modes of oscillation. The system is driven by the volt-
age at the bow shock from the solar wind V¢ and the Chapman-Ferraro current
given by Equation 5.12. The model parameters are shown in Table 5.2 along with

approximate equations for the inductances and plasma capacitances.
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Figure 5.3: Dayside view along the Sun-Earth line of the geometry of the region
1 (R1), region 2 (R2), ring current (RC), and magnetopause current loops corre-
sponding to the nightside current systems shown in Figure 1.3. I fl is taken to be
proportional to the eastward auroral electrojet. The northward electric field drives a
Hall current eastward contributing strongly to the eastward electrojet. The eastward
electrojet give the AU geomagnetic index.
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Table 5.2: Dayside WINDMI parameters of Equations 5.20-5.25, estimated by phys-
ical considerations of a typical state and geometry of the dayside magnetosphere.

Parameter Value Description

Lys = polyly/l, 100 H Bow shock current loop inductance.

Chs = (psw/B%,) (112 /1) | 1000 F Bow shock current loop capacitance.

L = pom R3 /1, 10 H Region 1 current loop inductance.

C = (p1/B?)(Iul:/11) 1000 F Region 1 current loop capacitance
C? = dEQP.

> 5 mho Height integrated auroral conductiv-
ity for the closure of the region 1 cur-
rent loop.

Ly = poRmply /1. 10 H Region 2 current loop inductance.

CS = | 1000 F Region 2 current loop capacitance.

(pdp/ng)(lszp/ly)

Yo 2 mho Auroral conductivity for the lower lat-
itude region 2 current loop.

Preliminary model validation for the surface magnetic perturbation ABay

due to the dayside eastward auroral electrojet and the AU (t) data are in progress.

5.7 Discussion

The fluctuations in the solar wind are shown to drive large excursions of
the magnetopause position and the dayside region 1 currents that close through the
Cowling channel of the dayside auroral zone. The region 1 currents flow eastward

in the auroral zone producing the AU geomagnetic index.

Dayside WINDMI reliably produce the dynamics of the magnetopause posi-
tion Ry (t) and velocity vmp(t) = dRmp/dt and are used to model the magnetopause

stand-off distance and Chapman-Ferraro current magnitude. The magnetic pertur-
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bation from this current is calculated at the center of the Earth and added to the
established WINDMI magnetic perturbation from the model ring current plasma
energy. This allows WINDMI to produce a more detailed Dst prediction which can
give insight into the relative contributions of the magnetosphere current systems to

the Dst and the physical processes involved.

The validation of model AU predictions World Data Center Kyoto are in
progress. After model testing and validation the AU index prediction from the

dayside WINDMI model will be included as part of the Real-Time WINDMI forecast.

The model could possibly be promising for predicting the driving source for
the ULF waves in the magnetosphere. Significant power densities are seen in fre-
quencies corresponding to Pcb and longer period oscillations that arise from the
complex structure of the the solar wind driven and the nonlinear response of the
magnetopause. Model enhancements in development include adding simple descrip-

tions of the compressional Alfvén cavity modes to the model.
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Chapter 6

Conclusions

In this work the use and scope of the WINDMI model has been expanded to
the study the effects of interplanetary shocks, to model dayside current systems and
the AU index, to include more current systems for Dst modeling, and to produce

real-time simulation results as Real-Time WINDMI.

The question of how much interplanetary shock events contribute to the geo-
effectiveness of solar wind drivers is assessed through numerical experiments using
the WINDMI model, a physics-based model of the solar wind-driven magnetosphere-
ionosphere system. Analytic fits to solar wind input parameters allowed shocks and
associated shock-sheath plasma to be removed while leaving other features of the
solar wind driver undisturbed. Percent changes in WINDMI-derived AL and Dst in-
dices between runs with and without the observed shock and sheath signatures were
taken as a measure of its relative contribution to the geoeffectiveness. For two major
magnetic storms 15-24 April 2002 and 3-6 October 2000, the IP shock and sheath
features contributed significantly to the geoeffectiveness of the solar wind driver.
The solar wind-magnetosphere coupling dynamics is found to be most sensitive to
variations in the solar wind velocity and interplanetary magnetic field. The mag-
netic field compressional jump is found to be important to producing the changes

in the AL during these two storm intervals.
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Real-Time WINDMI, an extension of WINDMI, is used to predict AL and
Dst values approximately one hour before geomagnetic substorm and storm events.
Subsequently, every ten minutes ground based measurements compiled by WDC Ky-
oto are compared with model predictions (http://orion.ph.utexas.edu/~windmi/realtime/).
The performance of the Real-Time WINDMI model is quantitatively evaluated for
twenty-two storm/substorm event predictions from February 2006 to August 2008.
Measures of prediction performance included the Average Relative Variance (ARV),
correlation coefficient (COR), and Root Mean Squared Error (RMSE) by comparing
model results to AL and Dst index data. The Newell input function yielded the
best model AL predictions by all three measures (mean ARV, COR, and RMSE),
followed by the Rectified, then Siscoe input functions. Model AL predictions corre-
late at least one standard deviation better with the data than a direct correlation

between the input coupling functions and the AL index.

The Rectified input has the best mean Dst ARV by a percent difference of
13% and 37% from the mean Dst ARV of the Siscoe and Newell inputs respectively.
The mean Dst COR and RMSE measures do not readily distinguish between the
three input coupling functions. The solar wind input driver which produces the best
Dst and AL WINDMI model predictions are different for each index. This suggests
that different solar wind-magnetosphere coupling physics may be responsible for

producing the electrojet and ring current.

Real-Time WINDMI was submitted to the Community Coordinated Model-
ing Center (CCMC: http://ccme.gsfc.nasa.gov/) in October 2008. The CCMC is a

multi-agency partnership based at NASA Goddard Space Flight center and provides
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the science community with an array of modern space science models in the areas of
solar, heliosphere, magnetosphere, and ionosphere/thermosphere. The models are
hosted on the CCMC computers and can be run on request through a web inter-
face. We have been collaborating with CCMC research scientists, and in May 2009
Real-Time WINDMI and WINDMI model runs by instant request were released to

the public on the CCMC website.

The Real-Time WINDMI validation study is being extended to evaluate
the performance of the model using other input driving voltages. The database of
Real-Time WINDMI Dst predictions is also being compared with other ring cur-
rent models, and global MHD models which contain different loss and energization
processes. The inclusion of sudden storm commencement and tail current magnetic
perturbations in WINDMI Dst modeling allows the relative contributions of the
magnetosphere current systems to the Dst and the physical processes involved to
be assessed and compared with data and other models. The new dayside WINDMI
model has been developed to study the dayside magnetosphere energy dynamics
and current systems with resulting ground magnetic perturbations such as the AU

index.

In modeling the solar wind magnetosphere-ionosphere system, there are some
drawbacks in low-dimensional models, such as WINDMI, compared to global MHD
models, which have good spatial resolution, and small-scale kinetic models, with
good time resolution. However the strengths of WINDMI are in characterizing the
global energy dynamics with the fastest simulation speed, while still retaining both

the semi-global MHD dynamics and certain kinetic physics terms. These kinetic
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physics terms missing include the role of the chaotic ions in the quasi-neutral layer
of the central plasma sheet, and the instability trigger for the ballooning interchange
mode and the tearing mode in the central plasma sheet. Thus, WINDMI is a good

complement to the range of heliospheric physics models.
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Appendix 1

Geophysical Coordinate Systems

1.1 Geomagnetic Coordinates (MAG)

The z-axis is parallel to the magnetic dipole axis in the geomagnetic co-
ordinate system (MAG) and the y-axis is perpendicular to the geographic poles.
The locally tangent spherical polar coordinates are (r, 6, ¢) and the covariant basis

vectors (Vr,VO,Vo).
The Jacobian from cartesian to spherical polar coordinates is

Ar AG Ap
J(x)=VrxVe -Vo = ArS A0 TsingAgS?
1

r2sind

1.2 Geocentric Solar Magnetospheric Coordinates (GSM)

The z-axis of the geocentric solar magnetospheric coordinate system (GSM)
is from the earth to the sun. The y-axis is perpendicular to the magnetic dipole
axis, therefore the x — z plane contains the dipole axis. The positive z-axis is in the

same sense as the northern magnetic pole.
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