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ABSTRACT

In this thesis, the plasma dynamics of the Earth magnetopause-boundary layer and its
coupling to the polar ionosphere are studied by using computer simulations.

First, the plasma dynamics and structure of the magnetopause-boundary layer are studied
by a two-dimensional incompressible magnetohydrodynamic simulation code. It is found that
the Kelvin-Helmholtz instability with driven boundary conditions at the magnetopause can
lead to the formation of plasma vortices observed in the magnetopause-boundary layer. In
the later stage of development, a density plateau is formed in the central part of the boundary
layer.

Second, the coupling of plasma vortices formed in the boundary layer to the polar
ionosphere is studied based on a magnetosphere-ionosphere coupling model. The finite iono-
spheric conductivity provides a dragging force to the plasma flow and leads to the decay of
plasma vortices in the boundary layer. In the model, the ionospheric conductivity is allowed
to be enhanced due to accelerated electrons precipitating in upward field-aligned current re-
gions. The competing effect of the formation and decay of vortices leads to the formation
of strong vortices only in limited regions. Several enhanced conductivity regions are formed
along the post-noon auroral oval, which may account for the observed auroral bright spots.

In addition, the evolution of localized plasma vortices, as well as magnetic flux ropes,
along magnetic field lines is studied. The evolution leads to the generation of large-amplitude
Alfvén waves, which carry field-aligned currents and provide the link for the coupling of

plasma vortices and magnetic flux ropes in the magnetosphere to the polar ionosphere.
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CHAPTER 1

Overview

The solar wind-magnetosphere interaction, one of the most fundamental processes in
space plasma physics, includes the transfer of energy, momentum, and mass from the solar
wind to the Earth’s magnetosphere, and subsequently to the ionosphere. The magnetopause
is the interface region between the shocked solar wind in the magnetosheath and the hot,
low-density plasma in the Earth’s magnetosphere, where these transfers take place. Satel-
lite observations of plasmas during the magnetopause crossings indicate the existence of a
boundary layer which contains magnetosheath-like plasma and is located earthward of the
magnetopause. The part of the plasma boundary layer which is located at low to moderate
latitudes is called the low-latitude boundary layer (LLBL), as shown in Figure 1.1 [Eastman
et al., 1976; Haerendel et al., 1978; Eastman, 1979; Eastman and Hones, 1979; Sckopke
et al., 1981; Lundin and Dubinin, 1984, 1985; Phan et al., 1989; Bryant and Riggs, 1989].
The high-latitude part of the plasma boundary layer which is located earthward of the tail
magnetopause is called the plasma mantle [Akasofu et al., 1973; Rosenbauer et al., 1975;
Sckopke et al., 1976; Gosling et al., 1985]. The plasma boundary layer near the dayside
cusps is called the entry layer [Haerendel et al., 1978]. Also shown in Figure 1.1 are the
bow shock, the magnetosheath, the cusp, the tail lobe, and the plasma sheet.

As the solar wind flows toward the subsolar point of the magnetopause, it is diverted
toward both the dawnside and duskside of the magnetosheath, as shown in Figure 1.2a, which
shows the flow pattern in the equatorial plane of the magnetopause-boundary layer region.

The flow bulk velocity parallel to the magnetopause is on the order of 100 — 300 km/s in
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Figure 1.1 A sketch of the Earth’'s magnetosphere showing the magneto-
pause and the boundary layer {Eastman, 1979]. In the figure, MP means the
magnetopause and BL means the boundary layer.
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Figure1.2 Schematic sketches of interactions among the solar wind, the mag-
netosphere, and the ionosphere. (a) The low-latitude boundary layer (shaded
area) in the Earth’s equatarial plane and (b) the coupling of the duskside re-
gion of the boundary layer to the post-noon sector of the ionosphere via the
field-aligned currents.
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4
the magnetosheath, while it is nearly zero at the inner boundary of the boundary layer. This
velocity difference across the boundary layer will cause a sheared plasma flow, which in tum
causes vortex motion in the boundary layer region. The voﬁcx associated with the sheared
plasma flow is clockwise in the dawnside region of the boundary layer and Acoumerclockwise
in the duskside region of the boundary layer. In addition, there may exist a normal diffusion
flux with a velocity on the order of 2 — 10 km/s in some regions of the magnetopause, as
shown schematically in Figure 1.2a [Eastman, 1979]. The justification of the existence of
this normal diffusion flux may be found later in this thesis.

The vortex motion caused by the sheared plasma flow in the boundary layer will produce
a localized convection electric field, which in tum produces polarization charges in the mag-
netosphere. The counterclockwise vortex produces negative space charges in the duskside
region, while the clockwise vortex produces positive space charges in the dawnside region.
The polarization charges can be discharged to the conducting ionosphere through field-aligned
currents (FACs), which are limited by the finite conductivities in the ionosphere. The domi-
nant FAC flows upward (downward) in the duskside (dawnside) region of the boundary layer.
Figure 1.2b is a sketch of this coupling process between the magnetopause-boundary layer
region and the polar ionosphere through the field-aligned currents. Note that the FACs flow
upward from the post-noon sector in the polar ionosphere to the duskside region of the bound-
ary layer. The presence of the finite ionospheric conductivity will exert a dragging force on
the plasma flow in the magnetosphere. The dragging effect of the jonosphere may slow down
the convection speed of the plasma flow and cause the decay of the plasma vortices in the
magnetosphere. Therefore, the dynamics of the magnetosphere and the ionosphere are intrin-
sically connected. Some ionospheric signatures may be explained by the development of the

Kelvin-Helmholtz (KH) instability in the presence of the competing effect of the formation
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5
of vortices in the magnetosphere and the decay of vortices in the ionosphere. The observed
spatially periodic auroral bright spots in the ionosphere may be one of the examples [Lui et
al., 1987, 1989; Potemra et al., 1990]. |

When coupled to the ionosphere, the plasma vortices generated iﬁ the magnetopause-
boundary layer region also produce the ionospheric and ground signatures. The magnetic
impulse events observed in the ionosphere and on the ground are signatures of this coupling
through FACs [Lanzerotti et al., 1986, 1987, 1990; Friis-Christensen et al., 1988; Glassmeier
et al., 1989]. Based on magnetometer observations of multiple ground stations, the presence
of the vortices in the ionospheric Hall current pattemm can be identified. Figure 1.3 is a
schematic representation of physical processes related to an observed magnetic impulse event
[Glassmeier et al., 1989]. Near the equatorial plane of the magnetopause-boundary layer
region, the current system is driven by the plasma vortices. The corresponding convection
electric field is similar to that of an electric dipole. FACs associated with the twin vortices
flow downward in the west and upward in the east, which produce the ground-equivalent
current structure, or the ground magnetic perturbations if the current pattern is rotated 90°
counterclockwise. The twin-vortex structure is clockwise in the west and counterclockwise
in the east.

In the following, observations of the magnetopause-boundary layer, auroral bright spots,
and magnetic impulse events are further discussed. Previous theoretical and simulation work
related to these observations is summarized. Finally, an outline of the thesis is given at the

end of this chapter.
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Figure 1.3 Schematic representation of physical processes related to the ob-
served magnetic impulse event on December 24, 1978. Shown are the two
magnetic flux tubes carrying field-aligned current as suggested by the ground
magnetic observations. The poleward and outward motion of these flux tubes
is indicated as well as the convection flow pattem in the magnetospheric equa-
torial plane [Glassmeier et al., 1989).
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1.1 Observations of the Magnetopause-Boundary Layer

Satellite observations of the low-latitude boundary layer indicate that the boundary layer
thickness is highly variable and appears to increase with increasing longitudinal distance from
the subsolar point [Eastman, 1979; Eastman and Hones, 1979]. The thickness bf the LLBL
ranges from 0.1 to 2 Ry (Earth radius). The plasma density and the flow velocity are also
highly variable in the boundary layer region, showing vortex structures [Sckopke et al., 1981].
A density plateau is often observed in the boundary layer region (a constant density region
with the density value between those in the magnetosheath and in the magnetosphere) [e.g.,
Haereﬁdel et al., 1978; Paschmann et al., 1978; Sckopke et al., 1981]. The LLBL is bounded
on one side by the magnetopause which has the high-density magnetosheath plasma with a
high-speed flow and is bounded along its inner surface by the low-density, low flow speed,
and high thermal energy magnetospheric plasma [Haerendel et al., 1978; Eastman, 1979;
Sckopke et al., 1981; Bryant and Riggs, 1989]. The thickness of the low-latitude boundary
layer is positively correlated with a northward interplanetary magnetic field (IMF) [Haerendel
et al., 1978; Mitchell et al., 1987]. The magnetic field in the boundary layer region shows a
very small variation and is similar to the magnetic field in the neighboring magnetosphere.
The direction of the plasma flow is nearly perpendicular to the magnetic field [Eastman,
1979; Sckopke et al., 1981}.

The plasma in the boundary layer consists of the cold intense magnetosheath-like plasma
and the hot tenuous magnetosphere-like plasma. Figure 1.4 shows an example of plasma and
magnetic field data from the ISEE 1 outbound traversal of the outer magnetosphere and the
magnetosheath on November 6, 1977 [Sckopke et al., 1981]. The boundary layer region

continued for ~ 50 min (as can be seen from the density profile in the top panel), during
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Figure 1.4 Plasma and magnetic field data from an ISEE outbound pass
through the outer magnstosphere, low-latitude boundary layer, and magne-
tosheath, near 0800 LT and 40° northern GSM latitude. The plasma parame-
ters are from top to bottom, proton (V) and electron (V) densities in units
of cm~3 as solid curves and solid circles, temperature Tp and T’z in degrees
-of Kelvin, and proton bulk velocity (vp) in kilometers per second. ¢pand Ap
are the GSM azimuth and elevation angles, respectively. The bottom panel
shows magnetic field data in nanoteslas [Sckopke et al., 1981].
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9

which time the satellite traveled outward a distance of more than 1 Rg. At about 0550 UT,
the satellite crossed the magnetopause and entered the magnetosheath. The highly variable
density structures can be seen from the density profile. The plasma bulk velocity (the third
panel of Figure 1.4) in the boundary layer is generally correlated with the plasma density,
namely, the bulk velocity approaches the magnetosheath level where the boundary layer
plasma has a high density. The bulk velbcity generally starts to increase with the density
increase at the boundary layer transitions. However, some observations do not show such a
clear correlation [Haerendel et al., 1978; Eastman, 1979; Sckopke et al., 1981]. The magnetic
field in the bottom panel of Figure 1.4 shows a small variation in the boundary layer region.
Sckopke et al. [1981] suggested that the vortex structure may be formed as a consequence of
the development of the KH instability in the low-latitude boundary layer region.

Song et al. [1990] examined the magnetopause-boundary layer structure and properties
for the ISEE 1 magnetopause-boundary layer crossings which occur near the subsolar point
when the IMF was strongly northward. They found that the magnetopause-boundary layer is
composed of three layers, a magnetosheath transition layer, an outer boundary layer, and an
inner boundary layer. In each of the boundary layers, the plasma can be interpreted as simple
mixtures of the magnetosheath and the magnetospheric plasmas. The boundaries among these

layers are sharp (less than an ion gyroradius).

1.2 Observations of Auroral Bright Spots

Satellite observations of dayside auroral forms have shown the presence of spatially
periodic bright spots aligned on the post-noon auroral oval, ranging from 1400 to 1600

magnetic local time (MLT) [e.g.. Cogger et al., 1977; Evans, 1985; Bythrow et al., 1986;
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10
Lui et al., 1987, 1989; Potemra et al., 1990]. The auroral luminosity of these localized
bright spots can be comparable to that of nightside discrete auroras associated with substorm
activities. Using data from the scanning auroral photometer on ISIS-2 satellite, Cogger et
al. [1977] found that a persistent auroral intensity enhancement occurs between.the 1400 to
1600 MLT, which is probably related to a statistically deduced maximum in particle fluxes
observed in this sector. lijima and Potemra [1978] found that the most intense upward region
1 FAC:s are located in the 1400 to 1600 MLT sector, while the most intense downward region
1 FACs are located in the 0800 to 1000 MLT sector. Bythrow et al. [1981] found tliat a
portion of region 1 FAC on the dayside is coincident with the extension of the low-latitude
bomdm layer in the magnetosphere. Evans [1985] studied measurements of precipitating
particle energy flux obtained with TIROS/NOAA satellite and also found a local intensity
maximum in electron flux in the post-noon sector. Recent studies of magnetic field and
energetic particle data obtained from satellites indicate that the dayside region 1 FAC flows
primarily through the cusp and the low-latitude boundary [ayer [Bythrow et al., 1981, 1988;
Erlandson et al., 1988; Potemra et al., 1990). Murphree :t al. [1981] found that auroral
morphology in the post-noon sector is controlled by the B, component of the interplanetary
magnetic field.

Figure 1.5 shows an example of the commonly observed periodic, localized regions of
auroral intensity enhancements from the Viking satellite in the post-noon sector on May 3,
1986 [Lui et al., 1989]. The image was taken at 0948:16 UT by a camera which monitors
the 1304-A emission from atomic oxygen. Figure 1.5 is reproduced from a color figure. The
white regions indicate the high intensity and the black regions indicate the low intensity. Four
bright spots (white regions in Figure 1.5) observed in the post-noon sector are located at about

1312, 1406, 1506, and 1548 MLT with approximate separation of about 0.7 — 1.1 hours in the
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Figure 1.5 An auroral image from the ultraviolet imager on the Viking satellite
taken on May 3, 1986, at 0948:16 UT. Magnetic local time meridians are su-
perimposed on the left image for reference. The white regions indicate the high
intensity and the black regions indicate the low intensity. This image shows the
occurrence of four bright spots in the post-noon sector along the auroral oval
[Lui et al., 1989).
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12
MLT. The spatial dimension of these spots (i.e, the dimension of the area above diffuse aurora
background luminosity) ranges approximately from 50 to 200 km, the separation between two
successive spots is about 100 ~ 500 km, and the total range of all spots is more than 1000 km.
The region of the bright spots is shown in more detail in the right portion of the figure, where
the MLT range from 1300 to 1600 is emphasized. This event is seen during a substorm, as can
be seen by the presence of a large auroral bulge on the nightside. Lui et al. [1989) suggested
that these bright spots are related to the small-scale FAC resulting from the dynamic change
of vorticity associated with the KH instability occurring in the LLBL of the magnetosphere.
Potemra et al. [1990] studied similar periodic auroral bright features obtained by ultra-
violet images on the Viking satellite. They showed a case with a distinctive series of periodic
bright spots in the post-noon region. These periodic bright spots are aligned in the east-west
direction which persist for nearly 30 min. The spots are embedded in a continuous band of
the ultraviolet emission that extends from about the 1300 to 1800 MLT at magnetic latitudes
from about 77° to 74°. Magnetic field and hot plasma measurements confirmed that these
bright spots are colocated with the field line projection of the upward field-aligned current
and precipitating energetic (~ 200 ev) electrons. The results of their study support the view
that large-scale oscillations of magnetospheric boundaries, possibly associated with the KH
instability, can modulate currents, particles, and auroral forms [Bythrow et al., 1986; Lui et
al., 1989; Potemra et al., 1990].
In addition, optical and ion drift observations of auroral bright spot sequence near the
1400 MLT [Sandholt et al., 1990] show that the auroral events cover about 300 km in east-west
extent, move eastward (tailward) along the poleward boundary of the persistent background

aurora with a velocity of ~ 1.5 km/s.
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1.3 Magnetic Impulse Events

Tonospheric and ground observations of magnetic impulse events at high latitudes indicate
that many magnetic impulse events could be interpreted in terms of intense FACs above the
observing stations and are related to the plasma vortices generated in the magnetopause-
boundary layer region [Lanzerotti et al., 1986, 1987, 1990; Friis-Christénsen et al., 1988;
Glassmeier et al., 1989; Olson, 1989]. Lanzerotti et al. {1986, 1990] found that most of the
impulse events have a half-width of a few minutes in time and are reasonably conjugate. The
amplitudes are of about 20 nT to 50 — 100 nT [Friis-Christensen et al., 1988; Glassmeier et
al., 1989; Lanzerotti et al., 1990]. The majority of the events have magnetic perturbations
in the vertical component which can be interpreted in terms of FACs directed in the same
direction (either into or out of the ionosphere) in both hemispheres. The perturbations in
the horizontal plane exhibit a vortex-like structure, either single vortex, or twin vortices, or
multiple vortices [Friis-Christensen et al., 1988; Glassmeier et al., 1989; McHenry et al.,
1988, 1990; Lanzerotti et al., 1990].

Lanzerotti et al. [1990] studied magnetic field data acquired at high-latitude, near-
conjugate stations. They observed spike-like magnetic field variations with time scales of a
few minutes in the conjugate ionospheres. Figure 1.6 shows two magnetic impulse events,
one at 1233 UT and the other at 1340 UT. The large, spike-like events have amplitude of
magnetic component ~ 50 — 100 nT. The vertical (V), the north-south (H), and the east-west
(D) components show uni-polar, semi-bipolar or bi-polar spikes. The vertical components
of the magnetic perturbations may be explained by a single ionospheric Hall current loop
[Lee, 1986], a dual-loop [Southwood, 1987}, or more complicated Hall current patterns in the

ionosphere [Lanzerotti et al., 1990].
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Figure 1.6 Magnetic field traces from two ground stations for a 2-hour interval
1200 ~ 1400 UT on August 19, 1985. One station is at 1Q (lqaluit, invariant
latitude 74.0°) and the other is at SP (South Pole Station, invariant latitude
74.8°). Magnetic field is shown for the north-south (H), east-west (D), and
vertical (V) components [Lanzerotti et al., 1990].
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McHenry et al. [1990] detected sevéral classes of traveling vortices in the dayside
ionospheric convection using the Greenland magnetometer chain [Friis-Christensen et al.,
1988; McHenry et al., 1988, 1990]. One class shows the signatures of localized ionospheric
traveling convection vortices, which consist of a twin-vortex pattern of convection consistent
with the presence of two FAC filaments [Friis-C);ristensen et al., 1988). This system of
currents is observed to move westward at about 4 km/s. Another class observed consists
of a continuous series of vortices moving generally westward for several hours at a time
[McHenry et al., 1988, 1990]. The vortex strength is seen to be approximately steady and
neighboring vortices rotate in opposite directions. Satellite observations at the low altitude
indicate that the vortices are on magnetic field lines which map to the inner edge of the low-
latitude boundary layer. They suggested that these vortices are related to the plasma vortices,
which are caused by the Kelvin-Helmholtz instability in the magnetopause-boundary layer

region [McHenry et al., 1988, 1990].

1.4 Previous Theoretical and Simulation Work

One of the basic mechanisms which transfer solar wind energy, momentum, and mass
into the Earth’s magnetosphere at the dayside magnetopause is the viscous interaction, which
was originally proposed by Axford and Hines [1961). In their model, as the solar wind plasma
flows around the magnetopause, the viscous interaction between the solar wind and the Earth’s
magnetosphere can allow the solar wind mass and momentum to diffuse or penetrate into
closed magnetospheric magnetic field lines. Although the classical kinematic viscosity is
expected to be very low in the space plasma, a sufficiently large anomalous viscosity may be

provided by the Kelvin-Helmholiz instability [e.g., Southwood, 1968; Sckopke et al., 1981;
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Lee et al., 1981; Miura, 1984; Pu and Kivelson, 1983; Wu, 1986; La Belle-Hamer et al.,
1988] or particles being scattered by plasma waves, probably lower hybrid waves [Huba et
al., 1977, Gary and Eastman, 1979; Lee, 1982; Tsurutani and Thorne, 1982]. However, the
KH instability can only account for the momentum transport; it alone cannot lead to the
transport of mass into the magnetosphere [Miura, 1984]. The transport of particles through
the magnetopause is most probably caused by plasma waves. The low-latitude boundary
layer, through couplihg to the ionosphere by field-aligned currents, may act as an MHD-
dynamo, which converts the plasma flow energy into electric energy. Eastman et al. [1976)
reported satellite observations in support of such a momentum exchange process.

Miura [1984] carried out a magnetohydrodynamic (MHD) simulation of the Kelvin-
Helmholtz instability in a compressible plasma for both parallel (vq 1 Bg) and transverse
(vo || Bo) configurations, modeling the high-latitude and the dayside low-latitude boundary
layers of the magnetosphere. The anomalous viscosity can be estimated from the simulation
results. The diffusion coefficient associated with the Kelvin-Helmholtz instability is found
to be on the order of 10° m?/s, which is comparable to the requirements of the viscous-like
interaction hypothesis by Axford and Hines [1961]. The instability results in a vortex flow
for the transverse configuration.

As have been stated previously, the Kelvin-Helmholtz instability in the low-latitude
boundary layer [Lee et al., 1981; Miura, 1984] may generate the vortex-like motions [Lee
et al., 1981; Sckopke et al., 1981], be responsible for the occurrence of spatially periodic
auroral bright spots [Lui et al., 1989; Potemra et al., 1990], and produce the magnetic impulse
events [McHenry et al., 1988, 1990]. Other physical processes at the dayside magnetopause
may also produce similar ionospheric and ground signatures through the magnetosphere-

ionosphere interactions via FACs, such as flux transfer events (FTEs) [Goertz et al., 1985;
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Sandholt et al., 1986; Lee, 1986; Lee et al., 1988; Scholer, 1988; Lanzerotti et al., 1986,
1990}, solar wind dynamic pressure pulses [Friis-Christensen et al., 1988; Glassmeier et al.,
1989; Sibeck, 19901, and the impulsive plasma penetration across the magnetopause {Lemaire,
1977; Schindler, 1979; Heikkila, 1982; Ma et al., 1991]. |
In the above-mentioned efforts, many aspects of the interactions between the magneto-
pause-boundary layer region and the polar ionosphere remain unclear. The objective of this
thesis is to obtain a better understanding of the coupling of the plasma vortices formed in the

magnetopause-boundary layer region to the polar ionosphere through numerical simulations.

1.5 Qutline of the Thesis

In Chapter 2, the plasma dynamics and structure of the magnetopause-boundary layer
region are studied on the basis of a two-dimensional incompressible magnetohydrodynamic
simulation code. In the simulation, the magnetosheath plasma is driven into the boundary
layer region by imposing a diffusion flux along the magnetopause. The simulation results are
compared with the plasma observations at the magnetopause-boundary layer region.

In Chapter 3, the formation of the observed spatially periodic auroral bright spots is
studied by using a self-consistent magnetosphere-ionosphere coupling model. The coupling
model is an incompressible fluid model for the plasma flow dynamics in the low-latitude
boundary layer and its interaction with the polar ionosphere via field-aligned currents and a
parallel electric field, which consists of three parts: the low-latitude boundary layer in the
magnetosphere, the polar ionosphere, and the field-aligned region. In the present model, the

ionospheric conductivity is allowed to be enhanced due to precipitation of the accelerated
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electrons in the upward field-aligned current regions. The Alfvén transit time between the
magnetosphere and the ionosphere is assumed to be very short and neglected.

In Chapter 4, the generation and propagation of large-amplitude Alfvén waves associated
with the evolution of localized plasma vortices, as well as localized magnétic flux ropes, along
magnetic field lines are studied. A two-dimensional compressible magnetohydrodynamic
simulation code in the cylindrical coordinates is used. The Alfvén waves carry field-aligned
currents and provide the link for the cdupling of plasma vortices and magnetic flux ropes in
the magnetosphere to the polar ionosphere.

The summary and discussion are presented in Chapter 5.
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CHAPTER 2

Vortex Structures in the Low-Latitude Boundary Layer

2.1 Introduction

As mentioned in Chapter 1, the magnetopause-boundary layer region is the interface
region between the solar wind and the Earth’s magnetosphere. A sheared plasma flow exists
in the magnetopause-boundary layer region, which may lead to the development of the Kelvin-
Helmholtz (KH) instability. In addition, a normal diffusion flux exists in some regions of
the magnetopause [Eastman, 1979]. It has been shown that some geomagnetic pulsations
(P, 4 - 5, 45 - 600 s period) may be generated by the Kelvin-Helmholtz instability in the
boundary layer [Southwood, 1968; Olson and Rostoker, 1978; Lee and Olson, 1980; Olson,
1986; Wolfe et al., l987]. Lee and Olson [1980] showed that the observed local time variation
of dayside geomagnetic micropulsations is consistent with a generation mechanism -due to
the KH instability operating at the magnetopause. Olson [1986] showed that the pulsations
are broad band, strongest near noon, and presumedly related to the cusp. Statistical studies
[Wolfe et al., 1987] have also shown a correlation between pulsations in the P, 3 to P, 4
band and the solar wind speed. These findings support the generation mechanism due to the
KH instability. It is also found that some geomagnetic pulsations in the P, 4 ~ 5 range are
associated with traveling ionospheric flow vortices produced by moving FAC filaments which
appear to originate near the inner edge of the LLBL. The generation of these vortices may

be related to the KH instability due to the sheared plasma flow [McHenry et al., 1988; 1990].

19
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Lee et al. [1981] used a three-layer model to study the Kelvin-Helmholtz instability in the
magnetopause-boundary layer region. The three uniform incompressible regions are separated
by two idealized sharp boundaries, namely, the magnetopause and the inner boundary of the
boundary layer. They found that the most unstable mode occurs at the inner boundary
of the boundary layer (inner mode). An unstable mode also occurs at the magnetopause
(magnetopause mode) which is unstable only for a magnetopause velocity shear larger than
a critical value. This critical value depends on the magnitude and direction of both the
magnetosheath magnetic field and the velocity fields on either side of the magnetopause.
With the development of the inner mode, a large variation in the plasma density and the flow
velocity is seen at the inner boundary, but not much variation is seen at the magnetopause.
The observed variation in the low-latitude boundary layer may be due to the development of
this inner mode. The corresponding compressible analysis confirmed the above conclusion
[Lin and Tschu, 1988).

Based on a statistical study, Eastman [1979] found that in order to account for the
observed thickness of the boundary layer there must exist, on the average, a diffusion flux with
an inward normal velocity. The average inward normal velocity < v, > may be estimated
as follows. As mentioned earlier, the boundary layer thickness (L) is observed to increase
with increasing longitudinal distance from the subsolar point. At the dawn-dusk meridian,
the boundary layer thickness is, typically, Lp;, ~ 0.5 Rg [Eastman, 1979]. The length of the
magnetopause from the subsolar point to the dawn-dusk meridian can be estimated as § =~ 16
Rg. The typical boundary layer flow velocity parallel to the magnetopause is v; ~ 200 km/s.
If the plasma density in the magnetosheath and in the boundary layer is assumed to remain
constant, the conservation of particle flux gives Lgrv; = § < va >. For § ~ 16 R,

v, ~ 200 km/s, and Lgy, ~ 0.5 R, then the average diffusion velocity will be < v, >~ 6
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km/s. Note that although the diffusion can permit the magnetosheath plasma to penetrate
into the magnetosphere, the diffusion alone can only produce a smoothly distributed density
profile in the boundary layer. It cannot explain the observed voriex structures, as shown in
Figure 1.4, or the formation of the dénsity plateau in the boundary layer.

The nonzero diffusion velocity (< v, ># 0) at the magnetopause can be due to the
electrostatic and electromagnetic plasma waves observed at the magnetopause [Gurnett et al.,
1979; Anderson et al., 1982; Tsurutani et al., 1981; LaBelle and Treumann, 1988). These
plasma waves may be generated by the lower hybrid drift instability, the ion two-stream
instability, or the modified two-stream instability at the magnetopause [Gary and Eastman,
1979; Lee, 1982; Tsurutani and Thorne, 1982]. The wave-particle interactions in the pres-
ence of the observed plasma waves may lead to an effective transport of particles from the
magnetosheath to the magnetosphere. The ion diffusion coefficient D, associated with these
waves has been estimated to be D ~ 10° m?¥/s [Tsurutani and Thorne, 1982; Gary and
Sgro, 1990]. For the observed thickness of the magnefopause, Lpyp =~ 100 - 500 km, the
average diffusion velocity can be estimated as Vp = D, [Lyp ~ 2 - 10 km/s, which is of
the order of the inflow speed estimated earlier.

The purpose of this chapter is to study the plasma dynamics in the magnetopause-
boundary layer region in an attempt to explain the vortex structures observed in the boundary
layer. This study is based on numerical simulations which use a two-dimensional incom-
pressible MHD code. In the simulation, a normal diffusion flux with a velocity of ~ 2 — 10
km/s is assumed to exist at the magnetopause to account for the sources at the magnetopause.
Specifically, it is found that the Kelvin-Helmholtz instability can lead to the observed vortex
structures in the boundary layer as suggested by Sckopke et al. [1981] and Lee eral. [1981]. It

is also found that the boundary layer thickness increases with increasing longitudinal distance
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from the subsolar point. A mixed region is formed where the magnetosheath plasma and the
magnetospheric plasma mix due to the vortex motions. In the later stage of development, a
density plateau is formed in the central part of the boundary layer.

This chapter is organized in the following way. Section 2.2 describes the ‘simulation
model and numerical scheme. The simulation results are presented in section 2.3. Section
2.4 summarizes the major results presented and their comparisons with observations in the

low-latitude boundary layer.

2.2 Simulation Model and Numerical Scheme

In this section, the simulation model, the governing equations, the differencing scheme,

and the boundary conditions are presented.

2.2.1 Simulation Model and Governing Equations

Consider the equatorial plane of the magnetopause-boundary layer region, as shown in
Figure 1.2a. As the solar wind flows toward the subsolar point of the magnetopause, it is
diverted toward both the dawnside and the duskside regions of the magnetosheath. The bulk
velocity parallel to the magnetopause is of the order of 100 — 300 km/s in the magnetosheath.
In addition, there may exist a normal diffusion flux with a velocity of the order of 2 ~
10 km/s in some regions of the magnetopause, as shown schematically in Figure 1.2a. As
has been mentioned in Chapter 1, the vortex associated with the sheared plasma flow is
counterclockwise (clockwise) in the duskside (dawnside) region of the boundary layer, which
will lead to the presence of localized upward (downward) FAC filaments in the post-noon

(pre-noon) sector of both the northern and the southemn polar ionospheres.
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In this chapter the simulation domain is chosen to be a rectangular box in the z—y
plane extending from 0 to L, in the z-direction (along the magnetopause) and from 0 to
L, in the y-direction (inward toward the Earth), as shown in Figure 2.1. The z-axis is
along the magnetopause and points from the subsolar region to the magnétotail. The. y-axis
is perpendicular to the magnetopause and points from the magnetopause to the Earth. For
simplicity the magnetopause is assumed to be a straight line (y = 0) in the simulation model.
The simulation domain is chosen to be the equatorial plane since the Kelvin-Helmholtz
instability occurs only when the wave vector, k, is nearly perpendicular to the magnetic field,
B [Lee et al., 1981].

In the present simulation the magnetopause is treated as a fixed boundary with an ef-
fective diffusion flux. The macroscopic motion of the magnetopause is neglected in the
simulation model. The use of an effective diffusion flux in the present simulation model is
an attempt to partially include the effects of the microscopic wave-particle interactions at the
magnetopause, as discussed in section 2.1. Theoretical analysis and simulation results show
that the magnetopause is relatively stable to the Kelvin-Helmholtz instability and the most
unstable mode occurs at the inner edge of the boundary layer [Lee et al., 1981; Ogilvie and
Fitzenreiter, 1989]. This is due to the fact that the magnetosheath magnetic field is generally
not parallel to the magnetic field on the magnetospheric side and the tension force of the
magnetic field tends to stabilize the KH instability. However, the assumption of a fixed mag-
netopause becomes invalid when the magnetic fields on the two sides of the magnetopause
are nearly parallel or antiparallel, or when the pressure fluctuation in the magnetosheath is
large.

Based on the observations discussed in Chapter 1, the magnetic field of the magneto-

sphere is nearly perpendicular to the equatorial plane in the low-latitude boundary layer and
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Figure 2.1 Schematic sketch of the simulation domain in the equatorial plane
of the magnetosphere. The left boundary (y = 0) is the magnetopauss, the
right boundary (y = L, = 1Rg) is the inner boundary, the upper boundary
(z = 0) is a boundary near the subsolar region, and the lower boundary

(z = Ly = 5RE) is a boundary near the tailward region of the boundary
layer.
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the variation of the magnetic field is small. For simplicity, the magnetic field is assumed ini-
tially to be a constant and perpendicular to the simulation plane (i.e., B = B,Z = constant).
For a two-dimensional incompressible flow, it can be shown that if B, = B, = VO and
B, =constant initially as assumed in this chapter, the magnetic field will remain at the initial
constant value for time ¢ > 0. |

Under the assumptions of the incompressibility and a constant perpendicular magnetic
field (B, = B, = 0, B, =constant), the two-dimensional magnetohydrodynamic equations

governing the plasma behavior can be reduced to the following incompressible Navier-Stokes

equations:
%"t‘i =—v.VUN 1)
%_‘Z = —v.VQ+1V2Q 2.2)
v=Vyxz (2.3)
Vip=-0 (2.4)

where N is the plasma number density, v is the flow velocity in the z—y plane, v is the
kinematic viscosity, ¢ is the streamline function, and Q is the vorticity function in the z-
direction. For simplicity, we have set v, = 0. Note that the variation of the plasma density
will not cause changes in the streamline function or the flow pattem.

In this chapter, the length is normalized by a characteristic length, a; the velocity by the
plasma velocity parallel to the magnetopause, Vp; the density by the magnetospheric uniform
plasma density, Np; the time by the characteristic time, to = a/Vp; the vorticity by Vp/a;
and the kinematic viscosity by aVp. The Reynolds number is defined as R = aVp/v. We

choose a = 1 Rg in this chapter, where Rg is the Earth radius. Based on observations,
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values for some of the normalizations are given as follows: Vp = 200 km/s, Ny = 1 cm~3,

and {p = 32 s.

2.2.2 Differencing Scheme and Numerical Procedure

In order to simulate vortex structures in the boundary layer, the effects of numerical
errors should be minimized. If the numerical diffusion is too large, the small-scale structures
will diffuse away and a smooth transition region will quickly form in the boundary layer. To
reduce the numerical errors, a high-order finite differencing scheme is developed as described
below.

1. A two-step method is used to time-center the time derivatives. This gives a second-
order accuracy in time step At (i.e., the truncation errors ~ O(At?)).

2. For the convective terms v - VN and v - V), a differencing scheme accurate to
the third-order in spatial grid size Az or Ay is used. For the purpose of illustration, the

differencing scheme for the convective terms in the one-dimensional case is

; ()‘ fii;;ii-l + (1 _ )\)_{-’—2+g£;4f-‘_1 ) , ifv >0

(2.5)
v;(/\f‘—'%;-fi+(1-,\)" isa=3/i+4): ) if v; < 0.

Note that a uniform mesh grid is used here. It can be easily shown that when A = 2/3 the
truncation error of the differencing schenie in (2.5) for convective terms is of the order of
Az®. This differencing scheme has been used by Shi et al. [1988] to simulate the global
reconnection pattern at the dayside magnetopause. It can be shown that the scheme in (2.5)
introduces a fourth-order dissipation, which corresponds to a fourth-order superviscosity. This

fourth-order dissipation can smooth the fine structures in the simulation.
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3. For the diffusion term on the right hand side of (2.2), the usual second-order center-
differencing scheme is used.
4. A fast Poisson solver is used to solve the Poisson equation (2'4) at each time step.
Some test cases of the simulation code show that the numerical scheme is stable even for
a very small viscosity. The effect of numerical errors is significant only When the Reynolds
number, R, is larger than ~ 2000, where R = aVp/v. We set R = 1000 in all four cases

presented in the next section.

2.2.3 Boundary Conditions

In the study of this chapter, we focus on the duskside region of the LLBL as shown
in Figure 1.2a. The simulation domain is schematically shown in Figure 2.1, where the left
boundary (y = 0) is the magnetopause, the right boundary (y = L,) is the inner boundary,
the top boundary (z = 0) is the boundary, near the subsolar region, and the bottom boundary
(z = L) is the tailward boundary. We set L, = 5Rg and Ly = 1Rg. The plasma number
density in the magnetospheric side is N; = Np and the density in the magnetosheath side is
maintained at Ny = aNy, where a is specified for each case.

Left boundary (y = 0). The magnetopause (y = 0) plays a very important role in
the pnesex’n simulation. It is at the magnetopause that the solar wind momentum and mass
are transported into the boundary layer region and, subsequently, into the magnetosphere.
Observations show that, at the magnetopause, the plasma density and the tangential velocity
are close to their magnetosheath level. The velocity component normal to the magnetopause is
usually small compared to the tangential component [Eastman, 1979]. Note that the injection

region of the solar wind plasma may not be uniformly distributed over the magnetopause. For
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example, there may exist some regions with an enhanced injection caused by the impulsive
penetration of the magnetosheath plasma {Lemaire, 1977; Lemaire and Roth, 1978, Heikkila,
1982], by flux transfer events [Russell and Elphic, 1979], or by regions with an enhanced
diffusion. To simulate these phenomena, we assume that, at the injeétion region of the
magnetopause, the plasma density (N) and the tangential velocity (v;) are maintained at their
magnetosheath values; the normal velocity (v,) is kept constant during the simulation (time-
independent) but may be different at different locations. For the remaining portion, boundary
conditions for the plasma density and the flow velocity are %% = %"; = %"j- =0.

Top (z = 0) and right (y = L,) boundaries. Along the top boundary (z = 0) and the

right boundary (y = L,) we set N = Np, Q@ = 0, and 9 = 0.

Lower boundary (z = Lg). Along the lower boundary (z = L) we set 2% = 0,

T

% = 0, and %‘f = 0 to allow an outflow of the boundary layer plasma.

2.3 Simulation Results

In this section the simulation results from four cases with different boundary conditions
at the magnetopause and near the subsolar region are presented. Case A uses driven boundary
conditions in just a small region of the magnetopause, while in Case B the diffusion plasma
flux is maintained along the whole magnetopause. For comparison, Cases C and D show
the pure Kelvin-Helmholtz instability associated with a sheared plasma flow under periodic

boundary conditions and outflow boundary conditions, respectively.
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2.3.1 Case A: Local Injection at the Magnetopause

In Case A the driven boundary conditions are imposed only in a localized region of
the magnetopause. The plasma density and the tangential velocity are maintained at their
magnetosheath values in the injection region. The plasma density is maintained at N 1= 10N
and the tangential velocity is maintained at v, = Vj. A uniform grid mesh is used which
contains 321 x 65 grid points.

In the injection region (or the driven region) at the magnetopause {zo—h < z < zZg+h},
the normal velocity is taken to be v, = vno cos [35(z — 2o)] for simplicity, where vny is the
characteristic normal velocity and 2k is the length of the injection region. Outside the
injection region, we set 3l = &= = %1’!11 = 0 as mentioned in section 2.2. The normal
velocity reaches maximum at the center of the injection region and smoothly decreases to
zero at the edges. For this case, we choose vno = 0.15Vp, o = $Rg, and h = & RE.

To avoid large gradients in the plasma density and the flow velocity in the injection
region (zo — h < z < ¢ + h, y = 0), we let the plasma density increase linearly from Ny
1o its magnetosheath value Nj, the tangential velocity increase linearly from 0 to V,, and
the characteristic normal velocity increase linearly from 0 to v,o during a small initial time
interval 6t = 0.4f,. The choice of 6t does not significantly affect the simulation results as
long as 6t is small relative to the growth time of the KH instability but large enough to avoid
large gradients.

Figures 2.2a and 2.2b show contour plots of the plasma density and vector plots of
the flow velocity at different simulation times, respectively. Initially (¢ = 0), the plasma
density is uniform and the flow velocity is zero inside the simulation domain. From the

plots of the plasma density and the flow velocity, it can be seen that maintaining normal
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velocity in the injection region at the magnetopause leads to an inward convection of the
magnetosheath plasma, while maintaining the tangential velocity at the magnetopause leads
to a tailward plasma flow in the boundary layer. Figures 2.2¢ and 2.2b also show that
the velocity shear in the boundary layer leads to the formation of localized plasma vortices
through the development of the Kelvin-Helmholtz instability.

From contour plots of the plasma density in Figure 2.24, it can be seen that the imposed
diffusion flux in the injection region at the magnetopause does not simply lead to a smooth
density profile. The density distribution has structures in the boundary layer region, with some
local maximum and minimum values. As will be illustrated later, these density structures
correspond to the observed vortex structures. The vortex structures are observed to grow
in size as they are convected tailward. At the earlier stage, the boundary layer thickness
increases with increasing longitudinal distance from the subsolar point. The thickness of the
largest vortex at ¢ = Tto reaches a value of ~ 0.5Rg. However, the maximum thickness of
the vortices does not increase as they are ;:onvected further tailward (downstream) as shown
in the last two panels (¢/ty = 10, 12) of Figures 2.2a and 2.2b. The maximum thickness
D of vortices is related to the length of the injection region W, the average inward normal
velocity < v, >, the plasma density in the injection region Ny, the average tailward flow
speed < v, > in the boundary layer, and the average density < N > in the boundary layer by
the flux conservation relation, D < N >< vy >= WN; < v, >. For Case A, W = 5Rg/6,
< vy >= 200 /7 > 0.1V, < v >~ 0.3Vp, and < N >~ 0.6 N;, we have D ~ 0.5Rg.

From vector plots of the flow velocity in the boundary layer in Figure 2.2}, it can be
observed that (1) vortex structures exist in the boundary layer, (2) the plasma flow in the
boundary layer is mainly tailward although sunward flows are also present in some regions,

and (3) the velocity vortex structures are coincident with the vortex density structures shown
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in Figure 2.1a. In fact, the vortex density structures are formed by the vortex flow motion
in the boundary layer.

The satellite velocity near magnetopause-boundary layer region is approximately 2 km/s
[Eastman, 1979; Sckopke et al., 1981}, which is usually much smaller than the flow velocity
(~ 100 ~ 300 km/s) in the boundary layer region. Therefore, the satellite can be considered
stationary, observing the time variation of the plasma density and the flow velocity. Bearing
this in mind, several probes are put m the simulation domain and the time variation of the
plasma density and the flow velocity at these fixed positions can be observed. Figures 2.3a
to 2.3¢c show the plasma density and the flow velocity measured by three probes which are
located at (a) z = 2.25 Rg, y = 0.0625 Rg; (b) z = 2.25 RE, y = 0.125 Rg; and (c)
r =225 Rg, y = 0.1875 RE, respectively. The positions of these three probes are indicated
at t = 124, in Figure 2.2b. Highly variable structures in the plasma density and the flow
velocity are clearly seen in these time series plots. The plasma density is more variable than
the flow velocity. The flow velocity is geflcrally correlated with the plasma density. It can be
seen that the density profile in Figure 2.3a is more structured than that in Figure 2.3¢c. The
probes at other positions in the boundary layer also show similar vortex structures, although
the structures may be simple at some places and complex at other places.

To further study the spatial variations of the vortex structures, Figure 2.4 shows the
one-dimensional profiles of tile plasma density and the flow velocity at time ¢ = 10¢g as a
function of z along the lines y = 0.125 Rg (Figure 2.4a) and y = 0.40625 R, (Figure 2.4b).
The vortex structures can also be observed in most of the boundary layer region. There are

also some correlations between the plasma density and the flow velocity in Figure 2.4a.
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