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ABSTRACT OF THE THESIS

Impulsive Magnetic Perturbations

of the High Latitude, Dayside Ionosphere

by

Michael Dismas Krajnak

Master of Science in Geophysics and Space Physics
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Professor Margaret G. Kivelson, Chair

Recently interest has grown in the study of dayside magnetic impulse events observed

at high latitude ground stations. These signals may be signatures of dayside magnetopause

processes in the ionosphere. Successful identification of the ground signature of any

process means that its contribution to the magnetospheric environment can be monitored

with ground stations. Recent work has focused on signals that are expected to accompany

mesoscale field-aligned currents moving through the ionosphere. The actual source of

these currents remajas controversial, with Flux Transfer Events (FTEs) and solar wind

pressure enhancements being the primary candidates. We use a data set from the Ninth

Coordinated Data Analysis Workshop which includes observations of the type that bave

been associated with dayside magnetic impulse events. We focus on the morphology and

dynamics of this event which appear unique. For example, the inferred velocity across

a chain of stations near 1400 local time is two to ten times faster than reported near the
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terminator. We compare solar wind plasma and magnetic field parameters with models

that relate the impulsive events to solar wind pressure perturbations or FTEs. There is an

increase of the dynamic pressure prior to the event and the solar wind magnetic field is

southward throughout the entire interval. We-fi.nd t the event is well correlated to the

dynamic pressure change, but the theories reviewed do not satisfactorily explain all of

the observed features, possibly because a pressure increase and an FTE are both present,

or because of incomplete station coverage.
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Chapter 1: Ihtroduction.

Since the early days of magnetospheric physics, the solar wind has been accepted as

the fundamental driver for magnetospheric phenomena. However, the question of exactly

how solar wind-magnetospheric coupling takes place is still unanswered. A number of

mechanisms have been postulated based on initial observations and theories. Definitive

proof of any one process has been difficult because of the complexity of isolating

fundamental processes from the intricacy of the magnetospheric system. Recently a great

deal of interest has been generated about the idea of using high latitude ground data to

study coupling processes occurring at the magnetopause. Isolating and understanding the

processes involved has been particularly difficult because of the remote sensing aspects

of the measurements and the complications introduced as signals propagate through the

ionosphere. This study is an attempt to isolate and understand the high latitude dayside

impulsive magnetic ground signals associated with a large amplitude presure pulse in

the solar wind. We will use multipoint measurements throughout the magnetospheric

environment to help interpret the ground measurements. Often attempts to isolate and

study one process can lead to insights concerning others. The latest impetus given to

the study of the ground signatures of coupling processes can be traced to the excitement

surrounding the discovery of flux transfer events (FTEs) by Russell and Elphic (1978).

FTEs are one method of coupling the solar wind to the magnetosphere and ionosphere.

Early attempts to study and discover the implications of FTEs led to much of the work

that underlies this thesis. FTEs are a form of reconnection which may have a significant

role in transfering flux from the solar wind to the magnetosphere. Reconnection as a

quasi-steady phenomena may be traced back to Dungey (1961). Despite initial resistance,



evidence accumulated early that pointed towards reconnection being a dominant mode

of solar wind interaction with the magnetosphere (Cowley, 1982). However, in situ

observations of reconnection were missing or ambiguous (Russell, 1984). FTEs may

represent the "missing" flux transfer mechanism that quasi-steady reconnection does not

appear to provide. After the initial discovery, scientists looked for new ways to observe

and study FTEs. Several researchers suggested that FTEs should produce recognizable

ground signals (Saunders et al., 1984; Cowley, 1984). If true, the large number of ground

instruments already in place could be used to search for FTE signatures. Additionally, the

established methods for working with ground data would speed up the initial analysis.

Several researchers developed preliminary theories based on the field-aligned current

(FAC) systems that they expected to be driven by an FTE (Southwood, 1985; Goertz et

al., 1985; Lee, 1986). Since FTE's are essentially a magnetopause process they map to

the high latitude ionosphere. Several tentative FTE signatures were identified in ground-

based radar and magnetometer data (Goertz et al., 1985; Lanzerotti et al., 1986; Todd et al.

1986). These first tentative identifications led to an effort to make better observations.

McHenry and Clauer (1987) suggested that data from high resolution magnetometer

arrays would be needed to distinguish between the different models' signatures. Friis-

Christensen et al. (1988a) conducted such a study with the Greenland Magnetometer

Array. Their conclusions dramatically changed the questions that were being asked about

the magnetic transients. Friis-Christensen et al. observed signals similar to those already

reported; however, additional information derived from the magnetometer network led

them to co'-clude that the magnetic signal was caused by pressure perturbations in the

solar wind. Several other papers soon supported this conclusion (Friis-Christensen et al.,

1988b; Farrugia et al., 1988, 1989; Gla/meier et al., 1989; Gla/3meier and Heppner,
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1990). The basic question being asked had changed from "where are the FTE signatures"

to "what is the source of the observed transients?".

Theoretical Work

The basic process that is associated with all modes of solar wind momentum transfer is

field-aligned current (FAC) flow (Southwood and Hughes, 1983). Models for FTE current

systems have been based on observations (Russell and Elphic, 1978; Saunders et al, 1984),

models of possible generation mechanisms (Lee and Fu, 1985; Southwood et al., 1988;

Scholer, 1988), and theoretical MHD considerations (Southwood, 1985; Sonnerup, 1987).

FTE models that involve a single FAC are sometimes referred to as Saunders-Lee systems,

dipolar currents are called Southwood systems (McHenry and Clauer, 1987) In addition to

the structure of the FTE, its path through the ionosphere also reveals useful information.

When an FTE forms, it is expected to be accelerated by the magnetic tension of the

kinked field line in the reconnection region. Once the FTE motion reaches steady state

the reconnected flux tubes should be carried antisunward by global convection (Goertz,

1985; Sonnerup, 1987). Identifying signals that propagate in this fashion would be an

important first step in finding FTE signatures in the ionosphere. Later, observations made

with magnetometer arrays led to the suggestion that the magnetic signals being studied as

FTE signatures could also be due to solar wind pressure perturbations (Friis-Christensen et

al., 1988a). Several papers give qualitative descriptions based on pressure pulses (Elphic,

1988; Sibeck et al., 1989a; Sibeck, 1990a). Papers which focused on quantitative issues

have tried to describe how a pressure change can generate a FAC. Proposed mechanisms

include divergence of magnetopause currents (Glaomeier and Heppner, 1990), coupling of

compressional pulses to field-aligned currents due to plasma nonuniformities (Southwood

and Kivelson, 1990a), and by shears in plasma flows (Kivelson and Southwood, 1991a).
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Observed vortices have been classified into single, dipolar, and multiple vortices by

Friis-Christensen et al. (1988a). The models of Lee (1986) and Glaf3meier and Heppner

(1990) lead naturally to single vortices; other classes of signals could be reproduced by a

more highly structured pressure pulse. Kivelson and Southwood (1991a) predict dipolar

and higher order structures. They state that a highly asymmetric pulse could produce a

structure that appeared to be a single vortex because one vortex might be distorted to the

point that it could not be recognized, but they felt that it would be an unusual occurrence

(see also Kivelson and Southwood 1990c). When field-aligned currents couple to the

ionosphere they drive horizontal Pedersen and Hall currents. It is the Hall current loop

around the vertical current that is expected to produce the ground magnetic signal and

be associated with a vortex-like convection pattern in the ionosphere. The effects on the

ground of the Pedersen and vertical currents are expected to cancel (ref. McHenry and

Clauer, 1987) at high latitudes where the background magnetic field is approximately

vertical. When field-aligned currents are generated at the magnetopause they map to the

poleward edge of the auroral oval

Observations

Three basic types of sensors have been employed in the search for FrE signals:

optical, radar, and ground-based magnetometers. In general, optical signatures were

not considered in this study (Some introductory material regarding optical signatures is

included in Sandholt et al., 1986; Lockwood et al., 1989; Mende and Rairden, 1990).

Spacecraft observations are sometimes considered in conjunction with ground data to

determine the characteristics of the global environment in which these processes take

place. The first reports of possible FFE signatures were given by Goertz et al. (1985)

using STARE (Scandinavian Twin Auroral Radar Experiment) incoherent scatter radar
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data. This radar is capable of characterizing bulk flows in the ionosphere from the

Doppler shift of the radar echo (Hargreaves, 1978). Goertz, in agreement with Saunders

et al. (1984), estimated the scale size of the FIE signature in the ionosphere to be

on the order of 200 km. Since FTEs originate near the magnetopause, the ground

signal is expected to map to the polar convection reversal boundary (CB). However,

the CB is rarely in the field of view of the STARE system, so the study was limited

to two events which occurred when the CB was in the field of view. In both events,

evidence for the Hall current vortex was found. The ground track of the observed

disturbance generally followed that predicted for an FIE. There was an isolated region

of flow moving sporadically poleward across the CB. Poleward of the CB the flow was

antisunward, sometimes with a component northward. The size scale (50 to 300 km)

observed was also roughly in agreement with that predicted for FTEs. Similar evidence

was reported by Todd et al. (1986). The first attempts to study ground magnetometer data

used single or widely spaced magnetometers. Lanzerotti et al. (1986, 1987) described the

magnetic perturbations expected for a single stationary Hall current loop, emphasizing

the unipolar appearance of the vertical component. Magnetometer records were searched

for impulsive signatures that could be due to an ionospheric Hall current loop. Several

events were found and described in the paper. The 1987 paper expanded this work

by using magnetically conjugate stations. However, the work still only considered the

effects of a single current loop and relied on assumptions about the current structure

and dynamics. Bering et al. (1988) tried to determine more about the structure using

electric field data from balloon electrometers and obtained results that did not fully

agree with either the Saunders-Lee or Southwood current systems. Subsequent studies

followed a suggestion by McHenry and Clauer (1987) and primarily used magnetometer
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arrays. The first report of this kind was made by Friis-Christensen et al. (1988a) which

contained some interesting conclusions. For one event observed near 07 LT the phase

differences between various stations showed that the signal was moving tailward at 3-5

km/s. Friis-Christensen was able to reproduce the two dimensional pattern of equivalent

currents by assuming that the current structure was fairly stable and that the ionospheric

conductivity was uniform. Figure 1-1 dramatically reveals the twin vortex pattern that

was observed. Friis-Christensen et al. found the overall motion and structure inconsistent

with the expected signatures for FTEs. In particular, the velocities were much higher

then expected for FTEs which would be moving at roughly the ionospheric sound speed,

1 km/sec (Farrugia et al., 1989). As a result Friis-Christensen et al. sought an alternative

explanation for their data. They associated the perturbation with a sudden change in the

solar wind dynamic pressure shown in IMP-8 data. Similar studies soon followed which

showed similar convection patterns and motion and also correlated events to changes in

the solar wind (Friis-Christensen et al., 1988b; Farrugia et al., 1988, 1989; Glaflmeier et

al. 1989; Gla/3meier and Heppner, 1990). Sibeck et al. (1989a and c) have demonstrated

additional evidence for pressure perturbations as a source of these events as well as

showing that some events initially interpreted as being due to FTEs could be linked to

variations in the solar wind dynamic pressure.

Current Work

Some of the recent work done on this problem has concentrated on distinguishing

between the two primary theories that have been put forth to explain the various

observations. Three papers, one by Lanzerotti (1989) the others by Sibeck et al. (1989a

and b), contain a good review of some of the problems up until that time. Sibeck felt that

Lanzerotti's observations (Lanzerotti et al., 1986, 1987; Lanzerotti, 1988; Lanzerotti and
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Maclennan, 1988) could be correlated to changes of the solar wind dynamic pressure.

Lanzerotti pointed out that the existence of pressure variations did not preclude the

occurrence of FTEs. Sibeck showed that there was little or no southward component

of the IMF present during many events described by Lanzerotti (1986, 1987) and Todd

(1986). Since FTEs are highly correlated to a southward IMF the chance of an FTE

being the cause is reduced. Lanzerotti replied that the chance was still finite. He felt that

other processes that might influence FTE formation could not be ruled out. Both authors

mentioned that the bow shock can have a considerable effect on solar wind parameters

(following Fairfield et al., 1990), including IMF orientation and dynamic pressure, which

relate to the signal generation process. Other authors have been involved in this debate.

For example, Bering et al. (1990) show a significant number of impulsive events that

were preceded by little or no dynamic pressure change. Other papers have mentioned

the fact that the exact path of an FTE cannot be predicted. By variations (Goertz et

al., 1985), magnetic field topology (Lanzerotti et al., 1986; Crooker and Siscoe, 1990;

Crooker, 1990), and details of the flux transport process (Southwood, 1987) are some of

the reasons why an FTE might not follow a straightforward path.

Summary

Research on dayside magnetic impulse events has been very active in recent years.

The first papers which began the renewed interest on this topic were those that speculated

on the ground signature of FTEs. Initial observations have raised a number of questions

about the possible sources for these signals. Further studies are needed to help refine

our understanding of the impulsive signals seen at high latitudes and how they relate

to solar wind coupling. In particular, there is a need to characterize the structure,

scale sizes, scale times, and locations for better classification and defining the processes
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involved. Additionally, identifying the global characteristics under which these impulsive

perturbations can occur can help identify the possible sources and how they influence or

interact with other magnetospheric processes. The purpose of this paper is to make an

thorough study of a single case where we believe pressure pulse effects dominate. By

studying an extreme case of the pressure pulse type of event we hope to clarify some of

the features and dynamics of this process. Comparisons to existing models and previous

reports will be made and we will try to define criteria which distinguish a pressure pulse

response from FTE types of events.
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Chapter 2: Basic Theory and Concepts.

In the magnetosphere field-aligned currents serve the purpose of transmitting me-

chanical forces along flux tubes. The creation of FACs can be discussed in terms of

applied stresses; however, the morphology of the resulting current structures can strongly

depend on the exact generation mechanism. It is also possible to discuss the general

characteristics of the ground signature of a FAC, but the actual dynamics of the current

moving through the ionosphere depends on the source.

Generating Field-Aligned Currents

Any dynamic process which transfers solar wind momentum to the magnetosphere

will involve changes to the stress balance along the magnetopause. The transverse and

compressional signals which propagate surface stresses through an elastic body, have as

their counterparts in the magnetosphere, hydromagnetic waves. The magnetic field which

threads the plasma defines a preferential direction of propagation, more so for the Alfven

and slow mode waves which cannot propagate across field lines. Changes in the stress

balance along a magnetic flux tube requires the propagation of Alfven waves (Southwood

and Hughes, 1983). Alfven waves generated at or just inside the magnetopause map to

the edge of the polar cap or just equatorward of it. In MHD for a uniform plasma

it is Alfven waves which carry field-aligned currents. In figure 2-1 the polarization

relationships for Alfven and fast mode waves are shown for a cold, uniform plasma (after

Kivelson, 1991). The diagram illustrates that only for the Alfven mode is j B J 0.

Field-Aligned Currents and Flux Transfer Events

Reconnection is widely accepted as a major contributor to solar wind - magneto-

spheric interaction, especially when Bz is southward (Cowley, 1982). Recent interest has
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focused on the role of Flux Transfer Events (FTEs). FTEs are a form of reconnection

observed at the Earths magnetopause that occur on limited spatial and temporal scales

(Russell and Elphic, 1978, 1979). The earliest model of an FTE is shown in figure 2-2.

The FTE is shown as a flux tube in the magnetosheath connected to the magnetosphere

through a hole in the magnetopause. Magnetopause field lines are shown draped over the

FTE (Russell and Elphic, 1979). FACs were connected to FTEs observationally, when it

was noted (Saunders et al., 1984) that the field lines around the FTE had a helical twist,

indicating the presence of current flowing in the flux tube. This twisting of the field lines

is not an intrinsic characteristic of the early Russell-Elphic model. Several subsequent

models were proposed for the formation of FTEs, all of which included features that could

explain the presence of a FAC flowing through an FTE. Lee and Fu (1985) proposed that

FTE structures were formed by a multiple X-line reconnection (MXR) process. The shear

in the magnetic field from the magnetosheath with By 0 to the magnetosphere with By

= 0 is responsible for giving a helical twist to the FTE field. Later, Southwood et al.

(1988) and Scholer (1988) suggested that FTEs could be formed by time dependent or

bursty single X-line reconnection (SXR). The tube like structure of an FTE was repro-

duced by an impulsive change in the reconnection rate which formed a plasma bubble.

As with the Lee and Fu model, the magnetosheath By component was responsible for

adding a helical twist to the FTE field. Southwood et al. pointed out that shears in the

plasma flow across the magnetopause could add to the field twist. Finally, we note that

Sonnerup (1987) was able to reconcile the idea of a core field-aligned current with the

Russell-Elphic paradigm. He noted that the stresses that build up as an FTE is initially

propelled away from the reconnection site by magnetic tension require the formation of a

current that passes through the FTE. Besides a central FTE current inferred from satellite
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observations, other currt 's are expected to develop as a result of the drag exerted on the

flux tube by the ionosphere. Southwood (1985) pointed out that the stresses which tow

the ionospheric end of the flux tube will set up vortical flows on the flanks of the structure.

In the ionosphere it is fairly simple to show that vorticity relates directly to field-aligned

currents (for example see Kivelson and Southwood, 1991b) by the expression,

Jll Zp =- f1. B

where Ep is the height integrated Pedersen conductivity and Q is the vorticity. Figure 2-3

shows a pair of vortices due to flux tube motion, the field-aligned currents associated

with them, and a closure current (Pedersen) perpendicular to the direction of motion.

One can view the closure currents as providing the j x B force which drives the flux

tube through the ionosphere.

Pressure Pulses and Field-Aligned Currents

Pressure fluctuations can also change the stress balance at the magnetopause. A

number of steps in this process are basic to almost all descriptions that have been given so

far. They include a sharp change in the solar wind pressure, which may be due to changes

in solar wind composition, density, or velocity. The pressure front will move over the

magnetosphere at speeds typical of magnetosheath velocities (200 km/s). In the interior

of the magnetosphere the pressure perturbation launches a fast mode wave. The fast mode

speed in the magnetosphere is typically greater than magnetosheath speeds. The velocity

is on the order of 2000 km/s just inside the magnetopause compared to 200 km/s in the

magnetosheath. The fast mode wave speed increases radially inward until it encounters

a sudden minimum at the plasmapause of 150 km/s, and then increases again (Nishida,

1978; Moore et al., 1987). Since the wave speed in the magnetosphere is typically greater

then the speeds in the magnetosheath the pressure in the magnetosphere increases ahead
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of the sheath pressure front and should cause an outward bulge ahead of the surface wave

(Nishida, 1978). A number of authors have attempted to explain the detailed processes

that allow the perturbation to couple to the ionosphere. Elphic (1988) recognizes the

role that FACs play in communicating stresses, but describes the ionospheric coupling

effects in terms of fluctuations in the magnetopause location. Inward/outward motions

of the magnetopause map to equatorward/poleward motions of the polar cap boundary

and forces tailward/sunward motion of ionospheric plasma resulting in vortex convection

patterns. Glaf meier and Heppner (1990) present a model in which FACs result from a

divergence in the magnetopause currents which must change to come into equilibrium

with the change in solar wind pressure. Figure 2-4 shows a schematic of the Gla/3meier-

Heppner model with a pair of field-aligned currents bracketing the region of the pressure

change. These currents would map to the polar cap boundary like the process described

by Elphic. The concept of a compressional perturbation closing through field-aligned

currents has been challenged by Kivelson and Southwood, 1991a and b. Southwood and

Kivelson (1990) show that a nonuniform plasma distribution leads to coupling between the

fast and intermediate modes. Thus the fast mode signal generates field-aligned currents

throughout the magnetosphere as it propagates through the magnetospheric cavity. This

effect is most important near L-shells where the driving frequencies match the resonant

frequencies of the field line. The field aligned currents generated occur in balanced dipoles

with equal amounts of upward and downward current (for more discussion see Southwood

and Hughes, 1983). Kivelson and Southwood (1991a) discuss another mechanism for

coupling the two MHD modes, one that is more likely to produce signals at higher

latitudes. They draw attention to the shear in the azimuthal flow near the boundary due

to the pressure pulse passing over the magnetopause. These shears result in parallel
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plasma vorticity, which in MHD is linked to FACs. As the pressure pulse passes the

direction of the shears changes and thc associated field-aligned current changes direction.

As in the previous model FACs occur in balanced pairs. However, the source region

for the parallel currents in this case is near the magnetopause instead of near a resonent

L-shell in the magnetosphere, which means they map to higher latitudes in the ionosphere

near the polar convection reversal boundary like the processes described by Gla/3meier

and Heppner or Elphic.

Ground Signatures

The basic ideas behind the ionospheric/ground response to a single field-aligned

current are well laid out. When a FAC contacts the ionosphere it drives horizontal

Pedersen currents in the direction of the applied electric field. Collisional effects in

the ionosphere result in the formation of Hall currents perpendicular to the Pedersen

currents. In a uniform ionosphere Hall currents close on themselves, forming loops around

the incident FAC. The ground magnetic signature of the vertical and Pedersen currents

cancel under the conditions of a vertical magnetic field and a uniformly conducting flat

ionosphere. The signal is solely generated by the ionospheric Hall current loop (McHenry

and Clauer, 1987). Figure 2-5 taken from Lanzerotti (1986) shows the ground signature

of a single current loop in HDZ coordinates (station centered cartesian coordinates with

H towards the magnetic north, D east, Z vertically down). The signature is characterized

by a bipolar signature in H and D and a unipolar signature in Z. The FAC structures and

dynamics proposed by various models can be built up by summing together the effects

of an appropriate set of current loops. FTE models which map a single core of field-

aligned current to the ionosphere (e. g., Saunders et al., 1984), generally follow Lee

(1986) and close the circuit with a return current flowing back in a thin cylindrical shell
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around the FTE (figure 2-6). To first order the motion of the FTE at the magnetopause

is initially controlled by magnetic tension present in the field line kink where the flux

tube passes through the magnetopause. After the flux tube straightens the FIE convects

with the magnetosheath flow (Goertz et al., 1985; Sonnerup, 1987). In the ionosphere

this maps to poleward motion, with modifications due to IMF By, followed by tailward

motion. In the northern hemisphere the center current is into the ionosphere for IMF

By > 0 and out of the ionosphere for By < 0 (Lee, 1986; Sonnerup, 1987). The field-

aligned current system predicted by Southwood (1985) results in the formation of a pair

of Hall current loops in the ionosphere (figure 2-3). The effects of two current loops

must be added to yield a magnetic footprint which will sweep over a ground station. The

vortex structures are on the flanks of the FTE so the line connecting the current loops,

which defines the orientation of the magnetic footprint, is perpendicular to the direction

of motion. The ground track of the E-E with respect to the station and the orientation

of the footprint determine the actual perturbations measured by the station. Southwood

(1987) discusses the factors which control the FTE motion, including magnetic tension

and convection discussed before. He also considers how as flux tubes are added to

the polar cap some will be drawn around the flanks resulting in tailward motion along

the polar cap boundary. In both cases, the FTE motion is associated with the physical

dragging of the entire flux tube, we can then expect velocities in the ionosphere to be

limited to the ionospheric sound velocity, on the order of I km/sec (Farrugia et al.,

1989). In the case of pressure pulse generated FACs, the number of currents generated

for a step function pressure increase or decrease depends on the coupling mechanism

suggested. Figure 2-7 shows a schematic of a partially compressed magnetopause.

On each flank is an uncompressed region and a transition region with the compressed
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magnetopause between them. The transition region is the critical area associated with

the generation of field aligned currents. With the Kivelson and Southwood (1991a) or

Southwood and Kivelson (1990) processes two field aligned currents arise from vortical

flow perturbations driven by the passing front in each transition region. If the pressure

change in the solar wind has some unusual structure it could produce a highly asymmetric

transition region with one clearly defined current and a poorly defined current so only

a single convection vortex could be resolved on the ground (Kivelson and Southwood,

1991a). For a positive pressure pulse the leading FAC is parallel to the background field

(in towards the ionosphere for the northern hemisphere) on the dusk flank with a return

current of the opposite sense. On the dawn flank the direction of these currents is reversed

(Kivelson and Southwood, 1991b). All other mechanisms discussed so far associate only

one FAC per transition region. It is fairly easy to see that in the Gla/Jmeier-Heppner

model a compression generates current into the ionosphere on the dusk flank and out of

the ionosphere on the dawn flank in the north and south hemispheres. Multiple pressure

fluctuations can generate a variety of structures. As the transition region moves along the

flanks the ionospheric convection vortices are seen moving tailward. Multiple vortices

form vortex "trains" aligned with the direction of motion. Because there is no physical

dragging of flux tubes through the ionosphere, the ionospheric velocities are not limited

as in the case of FTEs.

Summary of Models

In table 2-1 we summarize the local characteristics of the current models as they

apply to the event E in the CDAW data base, By < 0 and a step-like pressure increase. In

the table we cover the Saunders-Lee FTE (SLF), Southwood FTE (SF), Glaj3meier-

Heppner pressure pulse (GHP), and Kivelson-Southwood pressure pulse (KSP). The
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ground signature of the Southwood-Kivelson resonance model is qualitatively similar

to the KSP at the resonant L-shell. To our knowledge no discussion has appeared in

the literature about any special features of the ground signature for an FTE generated

by bursty reconnection. We characterize the models in terms of speed, direction, local

flow pattern, scale size, and the sense (into or out of the ionosphere) of the FAC system

for the post-noon, north quadrant of the dayside hemisphere. The local flow pattern is

sometimes difficult to visualize so the flow pattern associated with each model is shown

in figure 2-8. We break down the possible flow patterns observed locally into three

types: monopolar (MP), parallel dipole (DP11), and perpendicular dipole (DP__). The line

joining the vortex centers is parallel to the direction of motion for DP11 and perpendicular

for DPI _. This classification scheme focuses attention on the number and structure of

the field-aligned currents near the ground station and ignores some other details of these

processes. The global pattern of currents may be very different as we will shortly discuss.

The sense of the FAC system for a single current is just the sense of the current in the

post-noon north quadrant. For multiple current systems the sense is determined by the

FAC whose signature would first be encountered by a ground station directly in its path.

This may give an undefined result in some cases. We also list the controlling parameter

which influences the direction of the currents (into, out of the ionosphere). In figure 2-9

we depict the global distribution of FACs for a positive pressure pulse and negative

IMF By. An importent feature is that the pressure pulse theories predict FACs in all

four quadrants of the dayside hemisphere versus two quadrants for the FTE theories. In

trying to compare the magnetic footprints of the various systems it is importent to note

that a single upward current in the northern hemisphere has the same magnetic footprint

(ref. figure 2-5) as a downward current in the southern hemisphere. A particularly useful
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feature for distinguishing between FTE and pressure pulse related perturbations is the

ionospheric velocity of the signal. The two different FTE and pressure pulse models

differ in their prediction of monopolar or dipolar ionospheric convection vortices.
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TABLE 2-1: Predicted Characteristics of High Latitude (near the CB) Ionospheric
Signatures in the Post-Noon Section of the Northern Hemisphere.

A positive pressure pulse and IMF By < 0 has been assumed where relevant.

Model- SLF SF GHP KSP

Speed -1 km/s -1 km/s -1-10 km/s -1-10 kn/s

Direction Poleward then anti-sunward Tailward Tailward

Local Flow Pattern MP DP11  Quasi-MP 1  DP

Scale Sizes -200 km -200 km -200-2000 km -200-2000 kn

Sense of FAC system Downward Undefined Downward Downward

Leading FAC
depends on IMF By Direction Pressure increasing or decreasing

(Initially determined by By)

Table of expected characteristics predicted for Saunders-Lee IFTE model (SLF), Southwood
FTE model (SF), Glal3meier-Heppner pressure pulse (GHP), and Kivelson-Southwood
pressure pulse (KSP).

1We prefer to use the term quasi-monopolar for the GHP system since it is monopolar on a
local scale and bipolar on a global scale for a dynamic pressure enhancement.
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Chapter 3: Observations.

All of the data for this study were taken from the Ninth Coordinated Data Analysis

Workshop (CDAW-9) online data base maintained by the National Space Science Data

Center (NSSDC). Each CDAW is organized for the purpose of studying a specific problem

in space physics. The method used is to identify interesting periods of activity and pool

a variety of data from different sources into a computer format easily shared by many

researchers. The resulting data base contains detailed observations covering short time

periods; this makes it extremely useful for conducting case studies. 1,4t all of the

data base was used; a brief description of the data employed in this study is given in

table 3-1. The data are given in a variety of coordinate systems which we briefly

review here. In space GSM and HVD coordinates are used. GSM coordinates are earth

Table 3-1: Data taken from CDAW-9 used in this study.

Data Resolution Source

AMPTE/CCE Magnetic Field 68 seconds Nylund

GOES-5 Magnetic Field 60 seconds Nagai

IMP-8 Magnetic Field 15 seconds Lepping

IMP-8 Plasma Parameters 60 seconds Lazarus

SCATHA Magnetic Field 16 seconds Fennel

AE Index 60 seconds Kroehl

EISCAT Magnetometers 20 seconds Luehr

High Resolution Ground Magnetometers 1 second Bosinger

FMI Magnetometers 60 seconds Koskinen
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centered cartesian coordinates with the X axis towards the sun, the Z axis northward in

the plane containing the X axis and the earth's dipole, and the Y axis completing the

right-handed system. HDV coordinates are also a right-handed, earth-centered system

with H northward, V radially outward, and D eastward. On the ground, station-centered

XYZ and HDZ coordinates are used. In both cases Z is always radially inward. XYZ

coordinates are "geographic" with X towards the rotation pole and Y eastward completing

the system. HDZ are "magnetic" coordinates with H towards the magnetic north and D

towards the magnetic east.

Event Selection

For the CDAW event to be useful for our study it had to satisfy two criteria. One, the

ground magnetometer data had to contain signals similar to those studied by Lanzerotti,

Friis-Christenson, Glai/3meier, and others. These signals are impulsive with magnitudes

from tens of nanotesla up to a hundred or more nanotesla. The vertical signal may be

unipolar or bipolar. The east-west signal looks roughly like the negative derivative of the

north-south signal (Lanzerotti et al.,1986; Glameier et al., 1989). The second criterion is

that there was a large pressure pulse observable in the solar wind.

Satellite Data

Four satellites were used in this study: IMP-8, SCATHA, AMPTE/CCE, and GOES-

5. Table 3-2 lists the GSM coordinates of each satellite at 12:30 UT. Figure 3-1 shows

the locations of these satellites in the XY plane. It also shows the magnetopause location

based on an elliptical fit for the dayside magnetopause and scaled to a magnetopause

nose distance of 9 Re. This distance is based on pressure balance with the pre-event

solar wind conditions following Nishida (1978).
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Table 3-2: Locations in GSM coordinates of the sattellites used in

this paper and the time resolution of the onboard magnetometer.

Satellite GSM X GSM Y GSM Z Resolution

AMPTE/CCE 2.34 -7.82 1.20 68 seconds

GEOS-5 1.37 -6.49 0.00 60 seconds

IMP-8 37.33 3.09 -1.47 15 seconds

SCATHA 5.98 -3.04 -1.66 16 seconds

IMP-8 is 37 Re from the center of the earth almost directly upstream from earth.

Figure 3-2 shows the magnitude of the solar wind magnetic field and its components

in GSM coordinates from 1000 UT to 1800 UT on May 8, 1986. Figure 3-3 shows

the solar wind plasma parameters. At 11:12 UT all three components of B reverse sign

from positive to negative. This inclines the field lines more then 45 degrees to the

normal Parker spiral angle, making it nearly radial. Bz is now southward and remains

so throughout the rest of the study period. At 12:22 UT there is an 2 nT decrease in the

total magnetic field down to 4 nT. At the same time the particle density increases from

9 to 15 cm-3. Pressure is approximately balanced across this interface. The solar wind

velocity is more or less uniform throughout this period at 425 km/sec. As a consequence

of the density increase the dynamic pressure also increases. From 12:22 to 14:01 the

magnetic field and pressure continue to fluctuate out of phase. At 14:01 the magnetic

field experiences an increase and there is a decrease in the solar wind density.

Magnetospheric Satellites: SCATHA, AMPTE/CCE, GOES-5

SCATHA is the satellite located closest to the nose of the magnetopause, near 10LT.

Figure 3-4 shows the magnetic field at SCATHA in HDV coordinates and the total
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field. The H direction is almost field-aligned so it shows perturbations similar to the total

field. The high frequency component (1 minute) of the si, ial is a result of problems

correcting for the spacecraft's spin (J. Fennel, personal communication). However, the

compressional enhancement of the field beginning at 12:20 is clearly evident. This is

typical of satellite signatures for SIISSC types of eve zts associated with pressure pulses.

Figure 3-5 shows the GOES-5 magnetic field data also in HDV coordinates. The

signal is clearly similar to the SCATHA data. Note that because of the low resolution

of the data, it is not possible to time the signal from SCATHA to GOES, even though

GOES is three hours dawnward of SCATHA. AMPTE/CCE is near the same local time

as GOES, displaced 1.6 Re radially outward. The AMPTE data in figure 3-6 is in GSM

coordinates so that the Z direction corresponds closely to the field-aligned component.

This signal shows the same compression of the magnetic field as the other satellites.

Figure 3-7 shows the total field from all three satellites. Notice that the amplitude of

the compressional increase decreases with distance tailward (5.2 Re from SCATHA to

GOES) and radially inward (1.6 Re from AMPTE to GOES) from the nose.

Ground Data

Table 3-3 shows a list of all of the ground stations used in this study. They fall

into four categories: EISCAT magnetometers, high resolution Finnish magnetometers,

world ground magnetometers of the Finnish Meteorological Institute (FMI), which we

will sometimes refer to as "synoptic" magnetometers, and miscellaneous stations. The

EISCAT magnetometer cross consists of five stations spanning 3.5' of magnetic latitude

(63.690 to 67.190 degrees), with two stations placed as "outriggers" near the center of the

north-south array forming a three station crossbar from 117.84 to 123.46 degrees (5.62

degrees east-west). The EISCAT data in the CDAW data base is in XYZ coordinates. The
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Tabe -3

Stations ID Res Glat Glon Mlat Miong

EISCAT:

Soroya SOR 20s 70.50 22.22 67.19 120.71
Alta ALT 20s 69.90 22.96 66.55 120.53
Kautoleino KAU 20s 69.00 23.05 65.74 119.55
Muonio MUO 20s 68.00 23.53 64.77 118.84
Pello PEL 20s 66.90 24.08 63.69 118.16
Kilpisjarvi KIL 20s 69.10 20.70 66.22 117.84
Kevo KEV 20s 69.80 27.01 65.80 123.46

High Resolution Stations:

Ivalo IVA Is 68.60 27.48 64.66 122.52
Kilpisjarvi KIL Is 69.02 20.87 66.12 117.88
Rovaiemi ROV Is 66.77 25.94 63.26 119.52

FMI World Magnetometers:

Baker Lake BLC im 64.33 -96.03 73.67 -39.85
Barrow BRW lm 71.30 -156.75 69.10 -116.33
Cambridge Bay CBB im 69.10 -105.00 76.77 -60.87
College COL im 64.87 -147.83 65.10 -100.77
Cape Schmidt CPS Im 68.92 -179.48 63.38 -130.46
Eskadalemuir ESK Im 55.32 -3.20 58.05 84.07
Fort Churchill FCC im 58.80 -94.10 67.28 -70.60
Godhaven GDH Im 69.32 -53.52 79.25 34.62
Glenlea GLL lm 49.53 262.87 59.19 -33.94
MouldBay MBC Im 76.30 -119.40 79.62 -100.11
Murmansk MMK im 68.25 33.08 63.46 126.43
Narssarssuaq NAQ Im 61.20 -45.40 70.60 38.66
Ottawa OTT im 45.40 -75.55 56.37 -5.89
Poste-de-la-B PDB im 55.20 -77.70 66.31 -2.62
Resolute RES Im 64.70 -94.90 83.14 -64.02
Sitka SIK im 57.10 -135.30 60.31 -81.88
Sodankyla SOD Im 67.37 -26.63 63.68 120.64
St. Johns STJ Im 47.60 -52.60 57.91 23.39
Thule THL lm 77.48 -69.17 88.46 14.10
Victoria VIC lm 48.50 -123.40 54.33 -64.34
Yellowknife YEK Im 62.43 -114.40 69.14 -63.44

Miscellaneous Stations:

Iqualuit IQA 10s 63.80 291.50 74.77 3.97
South Pole SPA 10s -90.00 0.00 -78.98 0.00
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X-axis is displaced 5.5' from the geomagnetic north (H. Luehr, personal communication).

Figure 3-8(a-c) shows stack plots from the north-south portion of the array for each

component. The northern most station is at the top of each plot. These signals have

been high-passed filtered by subtracting a 20 minute running average in order to remove

background trends. These plots show the impulsive character of the event, which matches

the basic event selection criteria already discussed. The event appears to consist of a large

impulse beginning around 12:32 UT, followed by two or three smaller waves. The total

duration of the event is approximately 20 minutes. Roughly colocated with the EISCAT

stations are three high resolution stations: Ivalo, Kilpisjarvi, and Rovaiemi. The induction

coil magnetometers at these stations are capable of 0.1 second resolution. The data in the

CDAW data base consists of 1 second averages. This makes this set of ground stations

much better suited for timing signal propagation. The data from these stations is in HDZ

coordinates. Figure 3-9 shows the three components of the magnetic perturbation at

Rovaiemi, which are characteristic of all three stations. The signals closely resemble

the EISCAT data, with the addition of a small high frequency component. Following

Lanzerotti et al. (1988) we will also be examining the data from a set of conjugate

stations, Iqaluit and South Pole station. The magnetometer data from these stations have

a 10 second resolution and are given in HDZ coordinates. Figure 3-10 shows the basic

(filtered) data from these two stations. The Iqaluit data show a strong positive deflection

of all three components beginning at 12:21 that increases more or less uniformly until

12:26, and decays back over 6 to 10 minutes. This general trend can be seen in the South

Pole data, somewhat attenuated, and the D and Z perturbations are negative. Also in the

South pole data is evidence for a higher frequency pulsation at 12:26 with a period of

2-3 minutes. This signal in turn is reflected at Iqualuit as small deflections on the more
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general trend just described. In order to investigate the global characteristics of the event

we used 22 stations from the FMI's world ground magnetometer network. These stations

are widely spaced and represent the low resolution end (one minute) of the instruments

used. The coordinate system for these data in the CDAW data base is XYZ coordinates.

AE Index

Figure 3-11 shows the AE index during the event studied. The substorm activity is

clearly evident. There are four onsets as determined by the detection of nightside Pi2s

at 1131, 1150, 1152, and 1215 UT (R. McPherron, personnal communication).
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Chapter 4: Analysis.

Data Preparation

To isolate the pulsations of interest we usually high pass filter the data by subtracting

a 20 minute running average. This removes low frequencies and the background field.

Occasionally we transform the ground data into cylindrical coordinates. From an HDZ

or XYZ system Z remains the same, the rho (radial) component corresponds to the

magnitude of the horizontal perturbation and an angle theta gives the phase. It is a well

known result that the ionosphere rotates electromagnetic signals passing through it and

that the amount of rotation depends on the ionospheric conductivity (Gla/3meier, 1988).

The rho component provides a consistent measurement for comparing stations without

compensating for phase differences or worrying about whether the original coordinate

system is XYZ or HDZ.

Power Spectra

One of the primary goals of this analysis is to show that the ground signal is causally

linked to the solar wind. As a first step we compared power spectra of solar wind and

ground magnetometers to insure that there is power in the necessary frequencies to drive

the ground response. Because of their high time resolution we used the stations near

EISCAT for the power spectra on the ground. Figure 4-1 shows the spectra from

Ivalo. There is a broad enhancement of power from 2 to 10 milliHertz (corresponding

to periods from 8.3 to 1.7 minutes) and a narrower one from 20 to 30 millittertz (50 to

30 seconds). At every frequency we can see that there is more power in the north-south

(H component) then in the east-west (D component) direction. Power spectra from the

other stations show similar features. In the solar wind the low resolution of the plasma
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data makes it difficult to produce a good spectrum. Power spectra for the IMF at IMP-8

are shown in figure 4-2. There are several peaks in each of the frequency ranges

noted in the ground spectra. We can conclude that the solar wind is a reasonable source

for the ground pulsations.

Timing Methods

Determining propagation times is important for linking the ground response to the

solar wind and interpreting the behavior of the signal as it moves through various regimes

in the geospace environment. Computing time delays from time series can be done

by visual inspection, algorithmic detection, or cross-correlations. Visual inspections

are fairly easy to accomplish for most events, but eliminating subjective biases can

be difficult. If an algorithmic detection scheme can be implemented it can give more

objective results, or at least results with systematic biases. Cross-correlations can give

reasonably objective time lags between two "well-behaved" signals, but are difficult to

implement for unequally spaced data or with two time series of different resolutions.

In this paper we will usually use cross-correlations for determining time delays on the

ground. Because of the varying formats between spaced based data, timing is done with

a simple algorithm that finds the inflection point on the rising portion of the signal or

by tracking peaks in the time series.

Solar Wind to Ground Timing

The solar wind does not propagate directly into the magnetosphere. An increase in

the solar wind pressure displaces the magnetopause which results in increased Chapman-

Ferraro currents, and a corresponding increase in the magnetospheric field. Thus in the

magnetosphere we compare the solar wind signal to the magnetic field magnitude as

measured by the satellite closest to the nose of the magnetopause, in this case SCATHA.
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Figure 4-3 shows a plot of the total solar wind pressure and SCATHA magnetic field

intensity. Note that the rise time for the pressure pulse is on the order of 10 minutes. The

two signals are separated by only two minutes (12:22 UT in the solar wind determined

by the inflection point, 12:24 UT at SCATHA). At 425 km/sec it should take the solar

wind seven minutes to flow from 37 Re at IMP-8 to 9 Re at the magnetopause. Moving

at a typical fast mode velocity inside the magnetosphere of 1000 km/sec it should only

take the signal 12 seconds to reach SCATHA from the nose of the magnetopause. Even

if the signal does not originate at the nose, the time from the magnetopause to the

satellite represents a relatively small fraction of the total transmission time. The short

time delay from the solar wind monitor implies that the front associated with the density

enhancement must be highly inclined to the flow. Just prior to this time the IMF is nearly

radial, so assuming that the density front is aligned with the IMF can easily explain the

short time delay. We will discuss some of the implications of this assumption in more

detail in the next chapter. Coupling from SCATHA to the high latitude ionosphere via

Alfven waves will take about two minutes. Using the Tsyganenko 1989 magnetic field

model (Tsyganenko, 1989) to map SCATHA to its northern magnetic conjugate point

we find that the footpoint is within half a degree of Narssarssauq (NAQ) at 12:30 UT.

Comparison of the signals at SCATHA and NAQ (figure 4-4) shows good agreement

with a two minute transmission time. There is some uncertainty in this measurement

because the ground data time resolution is only one minute.

Substorm Effects

As we notedi ;arlier, there is a substorm in progress during this event. The onset of

the expansion phase (12:27 UT) coincides with passage of the pressure pulse. We do

not expect this to have a significant impact on the measurements made by the dayside
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satellites; however, there could be significant effects on the ground. There are three

pieces of evidence which give us some assurance that the signals we are studying can

be isolated from the substorm effects. In figure 4-5 we show eight hours of IMP-

8 dynamic pressure and the x, y, and rho components of the ground magnetic field

measured by the FMI station at Thule. The pressure increase at 12:22 UT and decrease

at 14:01 UT are clearly evident in the IMP-8 data. The pressure signatures have a unique

step-like character and the largest amplitudes in that time period. The ground magnetic

signal shows two short periods of large amplitude waves complementary to the pressure

data. The total horizontal perturbation (rho) shows a more distinct structure during these

periods. This relationship helps isolate the ground response and strengthens the argument

for causality. Another supporting piece of evidence is that the motion of the signal on the

ground discussed in subsequent sections always shows tailward motion. If the disturbance

is substorm related it would have been traveling in the opposite direction. In order to

get a rough idea of the synoptic effects of the substorm, we have taken data from the

FMI stations and produced several contour plots of the filtered Brho signal. We have

used the horizontal perturbation component here to isolate regions of high and low signal

strength without regard to polarity. Figure 4-6 shows the synoptic situation prior to the

event at 12:10. Already there is a well developed magnetic signature in the nightside

corresponding to the substorm. Figure 4-7 shows a series of plots during

the event. There is a structured region that begins at the subsolar point and extends to

the poles. The substorm signature is virtually the same as in figure 4-6 and seems well

confined to the night side auroral zone regions, well away from the most critical stations.

Synoptic Evolution of the Signal

Figure 4-8 shows stack plots of the x, y, and rho components of the magnetic

56



6M - resr

3

0

20

-20

-60 . . . .

60

THL By

20

-20

-60

goI0

THL Brho
60

30

1 (o100 120.00 14-M.00 16:00 X)180.0

May 8, 1"~6 UT

figure 4-5

57



Horizontal Magnetic Perturbation at 12:10 UT

12

18 
06

09N

fiur 4-6

59N



Horizontal Magnetic Perturbation at 12:31 UT
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Horizontal Magnetic Perturbation at 12:32 UT
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Horizontal Magnetic Perturbation at 12.33 UT
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Horizontal Magnetic Perturbation at 12:34 UT
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Horizontal Magnetic Perturbation at 12:35 UT
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Horizontal Magnetic Perturbation at 12:36 UT
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Horizontal Magnetic Perturbation at 12:38 UT
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field perturbations from iree stations spanning the dayside hemisphere at nearly the

same magnetic latitude: Murmansk (MMK), Eskdalemuir (ESK), and St. Johns (STJ).

Cross-correlations of the x and y components of the signal give very different results.

We attribute this to the change in phase and shape of these signals between these widely

separated stations. There may be some change in the frequency content of the signal seen

in the widening of the shape of the largest peaks from east to west. A cross-, irrelation

with the rho component should avoid these problems, and does gives a more reasonable

result. The signal appears first at ESK, the station closest to noon, at 12:32 UT, then two

minutes later 60.68 degrees westward at STJ, then another two minutes later at MMK,

42.36 degrees east of ESK. The shorter transit time (which is over a longer distance)

between ESK and STJ appears to indicate that the signal propagates from a location in

between these stations. This places the first impulse at noon or just dawnward of the

noon meridian. Although not at the same latitude Narsarssuaq (NAQ) is in between

STI and ESK which shows an initial peak at 12:30, supporting the suggestion that the

signal originates in the pre-noon sector. Using the eastern pair of stations to compute

the signal velocity we get I l°/min or 20 km/s in the ionosphere. This maps to 180 km/s

on a magnetopause 9 Re away. This is on the order of typical magnetosheath velocties

(200 km/s) and indicates that the magnetopause source may be convecting along the

magnetosheath-magnetopause boundary. Figure 4-9 shows a similar set of stack plots

from a north-south set of stations near 200 magnetic longitude. The southern most station

is STJ, the station at the western end of the east-west cross analyzed above. The stations

northward of STJ are Narssarssuaq (NAQ), Godhaven (GDH) and Thule (THL). We

expect NAQ and GDH to bracket the polar cap boundary based on the position of the

Feldstein oval location given by Whalen (1970). The picture presented by this cross
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section has many interesting features. The stations near and poleward of the polar cap

boundary exhibit considerable wave activity even prior to the event, probably driven by

the substorm in progress. There are several large amplitude peaks coincident with the

arrival of the pressure pulse. Although in principle this set of stations could be used

to determine the poleward movement of the signal the substorm activity, the possibility

of azimuthal movement and the phase perturbations introduced by the ongoing wave

activity obscure any useful timing data. It is interesting to note some of the differences

between the X and Y components for the various stations. The Y component is largest

at the poles, suggesting that it is influenced by the polar cap convection system. The X

component amplitude appears largest near the polar cap boundary so it may be responding

to a different process. The time between the X and Y peaks increases poleward, which

also allows the possibility that these components are responding to different processes

Localized Signal Characteristics

At EISCAT the magnetometers are arranged to track the motions ot passing current

structures. However, the data in the CDAW data base barely has the resolution needed

for our study. The east-west axis of the array spans 5.60 of magnetic longitude.

The signal we found globally moving at I l°/minute would pass in only 30 seconds.

Corelations in this data set would show a shift of only one data point, which may not be

statistically significant. We did the comparisons and found a systematic one data point

shift representing 20 seconds, which may be not significant for timing, but does show a

consistent tailward motion. It allows us to say that the speed measured with the widely

separated stations agrees with the lower limit lower limit detectable with the array (to be

confident of our results we would like shifts of at least two data points, 40 seconds, which

would imply speeds of 8.4°/min roughly equal to I 1/min). Measured delays along the
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north-south portion of the array appear more significant. There is a consistent shift of

I to 2 data points over the 3.5 degrees of latitude spanned by the stations. This does

not necessarily imply that the signal source is propagating poleward. The north-south

line formed by the stations is inclined to the lines of geomagnetic longitude near the

stations. The northern station is 2.60 east of the southern station. If the phase front of

the signal is organized as a plane source moving perpendicularly to lines of geomagnetic

latitude at 1 ll/min there would be a 14 second delay from south to north. This means

that north-south delays imply similar propagation speeds as the east-west delays, with

similar confidence, The stations near EISCAT can be used to look at signal propagation

with better temporal resolution. The delay measured across this set of stations runs from

5 to 6 seconds west to east. If we simply divide the distances between stations by the

delays we get much higher velocities then we expect, on the order of a degree per second.

However, we can make some guesses about the geometries and motions that can reduce

the observed velocity. Figure 4-10 shows the best determination of delays we have been

able to make. If we assume the signal propagates as a plane source in the direction of

its own normal, velocities on the order of 30 km/sec for a front inclined 20 can explain

the observations. A plane geometry is an acceptable assumption for some of the largest

events of this type observed, up to 2000 km (Gla3meier, 1989). We expect that taking

account of the curved geometry of the system would reduce this calculated velocity. A

signal with a smaller inclination would imply a greater azimuthal velocity. There is

insufficient data to chuacterize the orientation of the front but this analysis allows us to

emphasize that it is not simple to infer structures or motions from limited observations.

Equivalent Current Signature

The classic phenomenon associated with the propagating impulse is an equivaient
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current vortex. The equivalent current is the form the perturbing current would take if

the signal were due solely to ionospheric currents. The equivalent current is usually found

by rotating the magnetic perturbation vectors clockwise 900 as viewed from above the

ionosphere. If the current structure is stable the change in the current over time can be

used to infer the spatial structure of the source. A plot of the equivalent current vectors

is shown in figure 4-11. Each column represents the vectors from the five north-south

EISCAT stations which span 350 km. The station spacing is not quite as even as it appears

in the plot. Each row of vectors is a time series with one vector every twenty seconds.

Thus this plot can be viewed as a time series of equivalent current vectors for the five

stations that run north-south with time decreasing to the left, or invoking the assumption

that a stable structure is convecting eastward over the stations, as an instantaneous spatial

distribution of the equivalent current. Having time decrease is required in order to infer

the correct spatial structure for a signal propagating tailward on the dusk hemisphere.

Using an azimuthal velocity of 20 km/s would imply a horizontal spacing between vectors

of 400 km. At 12:34 there is a strong poleward current which turns equatorward, then

turns poleward again. One can fit an intense counterclockwise vortex to the eastern flow

vectors and possibly a more diffuse clockwise vortex to the flow vectors in the west. The

signatures that follow the initial vortex could also be waves stimulated by the passage

of the FAC. For a velocity of 20 km/s the vortex would have an east-west scale size of

6000 km. The leading vortex would be associated with an upward field-aligned current.

The flows seem to be the most intense near the eastward edge. The fact that we are able

to make this observation may be because the vortex is being imaged fairly close to noon.

We intuitively expect that these sharp current gradients, if they are real, would tend to

smooth themselves out as the structure evolves and moves away from noon.
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Chapter 5: Discussion.

Signal Propagation in the Solar Wind

When we established the solar wind to magnetosphere timing we argued that the

compressional front must have been aligned with the interplanetary magnetic field. The

measured IMF field lies at an angle 165 to the GSM X axis. The first tangent field lines

touch the magnetopause at 7 LT. Extrapolating back into the solar wind this field line

crosses the X axis 47 Re upstream of the magnetopause nose. This implies that IMP-8

should have detected the signal after SCATHA, not before as observed. The ground

data also gives initially conflicting results. In the previous section the ground signal

appeared to originate between ESK and STJ, at the noon to pre-noon local times. Using

the azimuthal velocity calculated from the dusk stations places the source near 11 LT.

These disparities can qualitatively be explained by including the effects of the bow shock

and magnetosheath. The bow shock is a fast mode hydromagnetic phenomenon which

rotates the field away from the shock normal. The magnetosheath flows also serve to

bend the field away from the magnetopause as well as carry the plasma that flows through

the shock around the magnetopause. The plasma that flows through the shock well away

from noon never reaches the magnetopause, thus it is the plasma penetrating the shock

near noon which must be considered when studing the coupling to the magnetospherc.

The geometry is shown in figure 5-1 which illustrates how the front may reach the

magnetopause near 1100 LT. The general argument should hold for any presure front

that is aligned with the IMF field. Sibeck (1990) discussed fronts aligned with the IMF

spiral angle and predicted that they would strike the post-noon magnetopause. We are
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extending that idea by including the bow shock and thus we predict that fronts aligned

with the spiral angle would strike closer to noon then the 1500 LT implied by Sibeck.

Global Characteristics

On the ground the observations show a much greater variety than predicted by the

models summarized in chapter 2. There is a wide ranging global response which may

involve a variety of processes. At high latitudes the signal falls into at least two groups.

The first group is dominated by a low frequency signal with a period near 10 minutes.

These signals produce a nearly simultaneous positive excursion in X associated with the SI

seen at Huancayo and SCATHA, followed by a reverse impulse approximately 10 minutes

later. The reverse impulse in X is associated with a negative impulse in Z at dawn and a

positive impulse in Z at dusk. These signals are seen primarily in the morning portion of

the dayside hemisphere. The second group has a similar low frequency component but

has sharper peaks which indicate that they contain more of the higher frequencies. For

these signals the X component has an almost unipolar positive peak, the Y component

appears like the second derivative of the X component, and the Z component has a

negative peak. These signals are also followed by ringing after the primary peak. We

can identify these waves only in the dayside hemisphere; if either of these types of waves

extend into the nightside hemisphere they are obscured by the substorm. The dusk/dawn

asymmetry noted is not new (Glatlmeier et al., 1989; Gla/3meier and Heppner, 1990;

Lanzerotti, 1990b). Especially interesting is Gla3meier and Heppner's 1990 observation

of a similar morphological change in signal characteristics between morning and afternoon

hemispheres; however, they observed the sharper signals in the dawn hemisphere. This

is especial.y puzzling since many of the circumstances under which they made their

observations are in some ways very similar to ours. The case they studied was associated
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with a positive SI, indicating that the source was a compressional pressure pulse. The

OMNI data base of one hour average solar wind properties from NSSDC indicates a

negative GSM Y component to the solar wind as in the case studied here. One important

difference is that the Z component of the IMF was positive in the Gla,3meier and

Heppner event. The overall impression is that the sharp peaks may represent a localized

enhancement or a separate process embedded in a global magnetospheric response. The

long period signals appear to be part of the global response at high latitudes which sets

a background pattern to the magnetic perturbations. The theories of sudden magnetic

impulses (Sis) observed at low and mid latitudes associated with pressure pulses form

an interesting parallel to the processes discussed so far. A positive (compressional)

SI is usually observed as a main impulse (MI) in the H component of a low latitude

observatory. Some Sis are accompanied by preliminary impulses (Pis) in the opposite

sense of the MI, these are designated SI*. The sense of the equivalent current patterns for

these signals resemble the dual vortex pattern of the Gla/Jmeier-Heppner model, but the

scale is much larger, covering most of the dayside hemisphere. The convection pattern

for a PI associated with a positive SI has the same sense as the Glameier-Heppner

pattern. The MI which follows has the opposite sense (Araki, 1977; Gla,3meier and

Heppner, 1990). Tamao (1964) has published a theory specifically trying to explain the

PI signal in terms of dual convection vortices due to FACs coupled to the compression

of the magnetopause. Changes in the polar cap electric field transmitted to low latitudes

(Kituchi and Araki, 1979) has also been used to explain these current systems. The local

time differences could be a result of station biases. The dusk sector stations are clustered

near a small range of latitudes which are not well covered by the stations in the dawn

sector. The Glameier and Heppner 1990 paper shows a concentration of stations in the

78



dawn sector where they located the sharper signal and very few stations in the dusk sector.

The stations where they were able to resolve the convection vortices were very close to

EISCAT latitudes. This suggests two explanations of the observed asymmetry. Possibly

the local time variations are real and the signal differences imply that the propagation

path or the source has a dusk-dawn asymmetry. Asymmetries in the propagation path

could be a result of local conductivity differences or variations in the magnetospheric

plasma distribution. Alternatively, the sharp perturbations are present in both dawn and

dusk sectors but they are very limited in latitude and are only seen if the station locations

are sufficiently close to the appropriate latitude. In this study we have not been able

to examine these possibilities in detail. We will discuss these features in the context

of the processes we have discussed so far and try to define the relationship between

the pressure pulse and the observed signal. It is difficult to imagine a pressure pulse

being structured such as to produce a significant dawn-dusk asymmetry. If an additional

process is involved it is extremely likely that it is causally linked to the pressure pulse.

An FTE coincident with, perhaps triggered by, the pressure pulse might be detected as

an embedded signal in the background. An FTE would be associated with a smaller

scale footprint in the ionosphere, and perhaps a sharper ground magnetic perturbation.

An FTE would only appear at dusk in the northern hemisphere for By < 0 as shown in

figure 2-9. The direction of the field-aligned current inferred from the equivalent current

signature, upward, matches the direction we would expect from an FIE. However, the

signal observed at EISCAT is larger, moving faster, and in the wrong direction from

what we would anticipate for an FTE. The case for an FTE effect in the Glameier and

Heppner report is even less likely because of the positive Bz. Also in that case the

negative IMF By would result in a FTE on the dusk side in the northern hemisphere,
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not the dawn hemisphere where the second type of signal was seen. If the dusk-dawn

discrepancy is not real it follows that the high frequency signal is highly localized in

latitude so that it is not detected on the dawn side. The degree to which a pressure

pulse generated signal is localized in latitude should be related to the displacement of

the magnetopause and its mapping to the ionosphere. For the parameters observed, the

magnetopause stand-off distance moved from 9.4 to 8.6 Re when it encountered the solar

wind density enhancement. If we consider the simple case of a dipole field the latitudinal

range, A9, for a given change in L shells ( AL ) is given by:

A8 ;, (cos3 9o AL) / (2 sin 9o)

where 00 is the invariant latitude. For EISCAT near 65' and AL ; 0.8, AO - 4.00.

Only one dusk side station is well positioned near EISCAT latitudes for seeing the signal,

Post-de-la-Baleine (PDB), near 0730 LT, -4.5 hours before 11 LT (where we placed the

signal's origin) compared to -4 hours after for EISCAT. However, the signal there was

not like the one seen at EISCAT, supporting the idea that the dawn dusk symmetry

is real. Another process for producing localized signals is field line resonances. The

mechanism for FAC generation discussed by Southwood and Kivelson (1990) explicitly

invokes field line resonances to produce localized signatures that aie expected to move

azimuthally in concert with the displacement of the magnetopause. Field line resonances

are toroidal mode Alfven waves which result in enhancements of the perturbation field

on the ground primarily in the H direction as observed. It is not known if the source

has sufficient power and if the coupling to field line resonances is efficient enough to

produce the enhancements seen. There must be some damping mechanism to widen the

resonant peak so that it can be observed over the wide range of L-shells as observed.

The magnitude of damping required may not exist for field lines terminating in the highly
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conducting ionosphere on the dayside hemisphere. Both of these effects on the ground

would also be modulated by variations in the propagation path discussed above and in

combination with these could explain the east-west asymmetries.

Measured Velocity

In light of this discussion we need to revaluate our understanding of the velocities

derived for the signal. If the signals like those at EISCAT are due to an independent

source embedded in the pressure pulse then we cannot interpret the delay between ESK

and MMK until we specify what the source is. If the second class of signals represents

an enhancement or resonance then the timing is fairly sound. The velocities computed

here are some of the highest reported for dayside magnetic impulse events.

Summary of Models versus Observations

Table 5-1 is a list of the vortex characteristics seen at EISCAT and shows how

these observations compare to the models discussed. It is obvious that no one model

completely satisfies the observations. The FAC associated with the EISCAT vortex

has the wrong sense for a pressure pulse driven system. The scale and speed of the

disturbance would seem to rule out FTEs. The fact that only a single vortex was seen

does not unambiguously rule out the existence of a nearby, but unobserved second vortex

of a twin vortex system. For a tailward moving FTE the Southwood theory would place

a second, downward FAC poleward of the upward FAC. This could reasonably explain

why the second vortex was missed. In the Kivelson-Southwood pressure pulse model a

downward FAC should have proceeded the upward current. Because the traihiig (upward)

FAC originates in the compressed section of the magnetosphere and would map to lower

latitudes in the ionosphere placing the "missing" vortex slightly poleward of the upward

current (Kivelson, private communication). Because the Kivelson-Southwood picture
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would place the second vortex ahead of the observed signal the correlation with the

solar-wind would have to be reevaluated.
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TABLE 5-1: Summary of model characteristics in the post-noon section of the northern
hemisphere compared to observations.

A positive pressure pulse and negative IMF By have been assumed where relevant.

Model - Observation SLF SF GHP KSP
Characteristic:

Speed 20 km/s Strongly Strongly Consistent Consistent
Inconsistent Inconsistent

Direction Tailward Inconsistent Inconsistent Strongly Strongly
Consistent Consistent

Scale Sizes -6000 km Strongly Strongly Consistent Consistent
Inconsistent Inconsistent

Local Flow Monopolar Consistent Inconsistent Consistent Inconsistent
Pattern

Sense of FAC Upward Strongly Inconsistent Strongly Inconsistent
System Inconsistent Inconsistent

Table of expected characteristics predicted for Saunders-Lee FTE model (SLF), Southwood
FTE model (SF), Glal3meier-tleppner press.:re pulse (GHP), and Kivelson-Southwood
pressure pulse (KSP) compared to the observations.
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Chapter 6: Conclusions.

In this study we identified a magnetic impulse event seen in the CDAW-9 multipoint,

multi-instrument data set. The magnetic impulse signal coincided with a large pressure

increase in the solar wind which occurred during an interval of southward IMF Bz.

Because of the size of the pressure change and the wide range of data available we felt

we could identify the effects directly related to the solar wind, even though there was a

substorm in progress at that time. In the first part of our analysis we concentrated on

timing the signal as it moved from the solar wind to the magnetosphere and across the

ground. Examination of the signal propagation clearly supported the idea that the pressure

increase was related to the processes responsible for the ground magnetic impulse. We

then used data from the EISCAT magnetometer array and nearby high-resolution stations

to further clarify the signals speed, direction, and structure. The goal of the second

part of the analysis was to compare these results with theoretical predictions of ground

signatures produced by pressure perturbations and FIEs.

The ground observations reflect the presence of a single, fast-moving, vortical

disturbance in the ionosphere associated with an upward field aligned current. This sharp

signal with a timescale - 3 minutes appeared to be embedded in a global signal with a

rise time on the order of 10 minutes, similar to the rise time seen in the solar wind. The

east-west scale of the localized disturbance was on the order of 6000 km. This picture

disagrees with some aspect of every model. The scale size and speed of the disturbance

rules out FTEs and the FAC associated with the EISCAT vortex has the wrong sense

or structure for a pressure enhancement driven system. However, we are not willing

to completely rule out any model. The literature is full of suggestions for extending
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various models to more realistic magnetospheric conditions. One example is to improve

the magnetic field mapping (Crooker and Siscoe, 1990; Crooker, 1990) to determine the

scale sizes and shapes of the ionospheric footprints. The kind of modifications that have

been suggested could explain how a Southwood FTE might produce a signature such

as the one observed by elongating the footprint and sweeping it azimuthally around the

polar cap.

We believe we have shown in the detailed analysis of a single event that the processes

coupling the disturbances at the magnetopause to the ionosphere are more complicated

than suggested by any of the models. We showed that the various signatures seem well

correlated with a single cause, a change in the solar wind dynamic pressure. However, we

were unable to prove that the ground signature was due solely to the pressure perturbation

despite the clear signature of a step like dynamic pressure increase in the solar wind. The

ground response may have been obscured by reconnection driven processes associated

with the southward IMF Bz. Another possibility is that our understanding of these signals

or the analysis may need careful revision. Although the observations are inconsistent

with the models, the two which produce dipolar signatures could conceivably explain

the results if we assume we missed part of the signature because of the extended spatial

structure of the FAC system and the limited station coverage.

We feel that this study contributes to the motivation to pursue a better theoretical

framework and to collect more detailed observations in order to understand the nature

of magnetic impulse events and in turn learn more about the nature of solar-wind to

magnetospheric coupling. In particular we see a strong need to understand the mapping

of various field aligned current sources to the ionosphere and the dynamics and evolution

of the ionospheric flows. In particular, it would be worthwhile to assemble a data set
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for a similar study that occurs during northward IMF Bz. Such data, coupled with more

comprehensive spatial and temporal data on the global distribution of the perturbations

may, enable us to develop theories which would allow us to link these signals to specific

driving mechanisms.
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