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1. INTRODUCTION

Many of the large-scale features of the spatial distribution of moderate

energy charged particles in the magnetosphere can be understood in terms of

steady-state convection due to a pervasive cross-magnetospheric electric field

(Ref. 1). The details of charged-particle motion have been shown to depend on

particle energy, charge, and pitch angle as well as the distribution of the

convection electric field (Refs. 1 through 4). Southwood and Kaye (Ref. 5)

have produced analytical relationships which are useful in studying the

dependence of charged-particle trajectories on the particle characteristics

and convection field model in steady state. Steady-state representations

(Refs. 1, 4, 6) have been successful in describing in situ observations of the

energy and spatial dependence of the plasma sheet inner edge (Refs. 7, 8),

although it is recognized that the steady state must be at best a crude

approximation to actual particle motion, which must be inherently time

dependent.

Dynamic plasma injection processes have been studied extensively, and

many phenomenological aspects of the injection processes are still somewhat

controversial. Due to a wealth of data obtained recently from geosynchronous

orbit, attention has focussed on specific features of the energy-time disper-

sion of particle injection events (Ref. 9). It is widely accepted that

observed particle injection events can result either from the relative motion

of spacecraft through a spatial structure embedded within a steady

magnetospheric convection pattern (Ref. 8) or from actual time-dependent

processes (Refs. 10, 11). Indeed, several distinct types of dynamic events

can be identified in the data (Ref. 12) and several alternative concepts of

the injection process have been proposed. These studies have contributed

greatly to the identification and characterization of various manifestations

of dynamic processes within the magnetosphere.

Here, it is proposed that certain general, large-scale features of the

low-latitude boundary of the diffuse aurora, which is a manifestation of the

plasma sheet inner edge (Refs. 13, 14), can be described best in terms of a

time-dependent or "transition" state in much the same way as the shape of the

plasmapause has been shown to exhibit strong time-dependent structure during

periods of transition from quiet to disturbed conditions (Refs. 15, 16, 17).



Recent observations of electric fields and electron precipitation during the

transition from quiet to active conditions have demonstrated some important

large-scale features of auroral configurations which are inherently time-

dependent. These include observations on the dayside of the disappearance of

precipitation from the central plasma sheet for several hours following the

onset of activity (Ref. 18). It is demonstrated that while the nightside

auroral boundary responds uniformly and orderly to a transition from quiet to

disturbed conditions, the dayside auroral boundary responds in a manner which

is adverse to predictions deriving from steady-state representations. It is

further demonstrated that the behavior of the nightside and dayside auroral

boundaries, as determined from both statistical and case studies, can be

represented by a simple time-dependent transition state which is a natural

consequence of change in magnetospheric convection after the onset of activi-

ty. The length of time after the onset of enhanced convection is found to be

at least as important as the instantaneous level of activity as an ordering

parameter for the shape of the low-latitude auroral boundary. This latter

conclusion could be important for global modeling efforts, since many empiri-

cal relationships used in modeling apply instantaneous values of activity

indices such as Kp.

Similar time-dependent results have appeared implicitly in computer

models of magnetospheric convection (Refs. 19, 20, 21, 22), and related ideas

have been discussed qualitatively elsewhere (see, for example, Ref. 17).

Here, a simple, quantitative numerical model is formulated which explicitly

demonstrates systematic changes which occur in particle boundary topologies

due to time dependence. While the numerical model used here is, in many ways,

less robust than other models which have been applied to related problems, the

model's simplicity aids in the isolation of the phenomenological features of

interest in this work. Results of the modeling work are compared to
observational data to further demonstrate important time-dependent aspects of

the location of the equatorward boundary of the auroral zone. Due to the

simplifying assumptions incorporated in the numerical model, no attempts to

strictly simulate observed data are made.
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II. OBSERVATIONS

Recently, extensive data sets have been acquired from charged-particle

detectors on low-altitude polar-orbiting satellites concerning the low-lati-

tude boundary of the diffuse aurora (see Ref. 14). The DMSP and NOAA

satellites, in sun-synchronous orbits at 850 km altitudes, have provided

especially useful data on precipitating auroral electrons. Each of the DMSP

and NOAA spacecraft carries electron spectrometers which measure precipitating

auroral electron fluxes from 30 eV to 30 keV on DMSP and from 300 eV to 20 keV

on NOAA. The NOAA data have been used to compile statistical maps of the

position of the low-latitude boundary of auroral electron precipitation as a

function of magnetic local time, corrected geomagnetic latitude, and activity

level (Ref. 23).

The aurcral activity parameter chosen to order the NOAA statistical data

set is an estimate of the power input to the polar regions by particle precip-

itation over the energy range 0.3 to 20.0 keV. This estimate is made directly

from the particle observations acquired by the NOAA instrument during its pass

over the polar region. In essence, the power input estimate is constructed by

performing a line integral along the satellite trajectory of the observed

precipitating energy flux, weighted by the cosine of the corrected magnetic

latitude of the observation. A geometric conversion factor is applied to
F

measurements from the individual polar passes to account for the manner in

which the individual trajectories project into corrected geomagnetic

coordinates. This procedure, which is performed to mini'ize the effects of

magnetic dipole tilt on the computation of the activity levels, is described

in detail in Ref. 24.

Over 60,000 orbits of NOAA data were used in the statisticai study. The

data were divided into nine levels of activity which progressed upward in a

geometric fashion from the lowest (Level 1) which included power inputs below

2.5 gW to the highest (Level 9) which included power inputs between 60.8 and

96.0 gW. Level 5 in this sequence lay in the center of the distribution of

power input values, and the average Kp during those NOAA orbits used to con-

struct the Level 5 pattern was 2+ (see Ref. 24).
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The equatorward boundaries of the auroral particle flux, defined as the

lowest corrected geomagnetic latitude at which the energy flux exceeds 1.0

erg/cm2 sec, are shown in Fig. 1 as a function of the auroral activity

parameter based on precipitating particle power input. These equatorward

boundaries are very well defined except in the noon to early afternoon mag-

netic local time sector where the average energy flux tends to fall below the

1.0 erg/cm 2 sec threshold at all latitudes. Also, the equatorward boundary

location exhibits large variations (several degrees) about the average loca-

tion a few hours either side of noon. On the nightside the typical variation

in equatorward boundary locations for a given activity level is on the order

of one degree about the average location. The statistical study was attempted

using threshold values less than 1 erg/cm2 sec for boundary identification,

but the computerized boundary identification procedure tended to be unreliable

at lower thresholds due to the spurious effects of low count rates and other

background response at low latitudes.

The statistical boundary shapes are approximately circular in shape,

offset toward midnight by several degrees, and, as expected, expand toward

lower latitudes with increasing level of activity. These boundary shapes are

similar to those reported in the study of Gussenhoven et al. (Ref. 14) which

covered the evening (1600-2300 MLT) and morning (0400-1000 MLT) local time

sectors. Here, the gaps near noon are due to an inability to identify the

precipitation boundary due to consistently low flux levels (( 1 erg,cm2 sec)

in the 12:00-14:00 local time range. In general, the boundary shapes for all

levels of activity are similar, with the lowest latitude penetration occurring

in the midnight sector. The auroral boundaries tend to be 10'-12' higher near

noon than at midnight, and can be represented reasonably by offset circles in

magnetic latitude and local time (see Ref. 25).

One must recall that the boundary shapes shown in Fig. 1 are based on a

large number of samples of the aurora and do not represent, for example, the

expected shapes that the auroral boundary might assume during a transition

from quiet (e.g., Level 3) to disturbed (e.g., Level 9) conditions. Case

studies are required in order to determine how tne auroral boundary responds

in time and space to the onset of enhanced activity. The results of one such

case study, based on the combined data sets of the DMSP-F6, NOAA-7, and NOAA-8

spacecraft for a two-day interval, are presented in Figs. 2 and 3. %
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Figure 2 shows the hourly averaged auroral electrojet (AE) index and the

3-hour Kp index for the two day period which was chosen for study. The period

from 12/9/83 to 12/10/83 was selected because of continuous data coverage for

the DMSP and NOAA satellites and because the period contains a clear transi-

tion between an extended quiet period and an extended disturbed period.

During the extremely quiet interval from 0300 UT on 12/9/83 to 0300 UT on

12/10/83, the AE index remained less than 30 gamnmas and the Kp index varied

between 0 and 1. The 24-hour period on 12/9/83 was designated the Q1 day for

December 1983 and was arguably the quietest extended interval in 1983. Activ-

ity increased slowly at about 0300 UT on 12/10/83 and increased more abruptly

at about 0600 UT on 12/10/83. Conditions remained disturbed through most of

12/10/83, until a subsidence in activity occurred late on 12/10/83.

Figures 3a-d show the magnetic latitude of auroral boundary crossings in

the dusk (15-21 MLT), midnight (21-3 MLT), dawn (3-9 MLT), and noon (9-15 MLT)

local time sectors. While the DMSP-F6, NOAA-7, and NOAA-8 satellites are in

nominal 0600-1800, 0300-1500, and 0900-2100 hour local time orbits, the

earth's non-concentric spin axis and magnetic axis allows sampling of a large

range of magnetic local times by these polar-orbiting spacecraft. Symbols

indicate the spacecraft from which individual measurements were obtained. No

distinction has been made between measurements in the northern and southern

hemisphere. Boundary locations are plotted at the Universal Time and magnetic

latitude at which precipitating electron flux levels were observed to cross a

threshold flux of 0.10 erg/cm 2 sec. The plots cover the time period from 0600

U.T. on 12/9/83 to 2200 U.T. on 12/10/83. The onset of activity is marked at

0600 UT on 10/10/83, based on the sharp increase of the activity indices shown

in Fig. 2.

The dusk auroral boundary remained near 700 magnetic latitude throughout

the quiet interval and slowly propagated equatorward to about 580 latitude

over several hours following the onset of activity. A recovery of the bound-

ary back to 650 was observed late on 12/10/83. The scatter in the data points

is due to small-scale variations in the auroral boundary over 2-3 hours of

magnetic local time. For each individual measurement the local boundary

position could be determined typically within 0.20 of latitude. The equator-

ward motion of the dusk auroral boundary is consistent with an average equa-

torward velocity of 0.03 km/sec. This boundary velocity is probably much

lower than ambient convection speeds, which can exceed 1 km/sec during

7



disturbed times. Similar boundary motions were observed in the midnight and

dawn sectors. The midnight auroral boundary propagated from 680 during the

quiet period to at least 580 twelve hours after the onset of activity. Mid-

night data were not available during the period of maximum activity, so the

total extent of propagation of the midnight boundary cannot be determined.

The dawn boundary propagated from 690 during the quiet interval to about 570

twelve hours after the onset of activity. In each sector the average boundary

motions were about one degree per hour.

The behavior of the auroral boundary in the noon sector was different

from that observed in other local time sectors. During the quiet period the

ncon boundary resided between 700 and 720 magnetic latitude. Very low flux

levels on the dayside during quiet times led to some uncertainty in identifi-

cation of the boundary. Nevertheless, it was reasonably clear that the noon

low-latitude auroral boundary initially moved to higher latitudes or even

disappeared following the onset of activity before ultimately moving equator-

ward after about 12 hours. Between 0300 and 0600 on 12/10/83, the noon

boundary moved from 700-72 ° poleward to 750-760. After 0800 U.T., the noon

boundary moved equatorward to about 630 magnetic latitude at 2000 U.T. Thus,

the behavior of the noon auroral boundary is similar to that of other local

times on time scales of 6-12 hours, but rather different on shorter time

scales. It should be noted that the noon sector boundary values shown here

attempt to depict the lowest latitude at which significant plasma sheet

electron precipitation is observed. It is well known that precipitation in

the noon sector can be attributed to a variety of sources, including the

plasma sheet and the magnetospheric cusp (Refs. 26, 27, 28, 29). While the

intention here is to depict the position of the plasma sheet boundary, some

uncertainty is unavoidable at times of very low flux levels. Indeed, central

plasma sheet precipitation has been reported to disappear altogether in the

noon sector following the onset of activity (Ref. 18). If this were the case,
some of the boundary values shown in Fig. 3 would be more indicative of the

low-latitude boundary of the cusp during the time period from 0300 - 0900 UT

on 12/10/83. Wherever possible, spectral characteristics were used to

discriminate between electron precipitation from the plasma sheet and the

cusp. However, flux levels and concomitant count rates tended to be too low

(in the noon sector, from 0300-0900 UT) to produce reasonable energy

spectra. For this reason, integral quantities such as energy flux were used

8



for the boundary analysis. The plotted boundary positions during this time

interval should be regarded as lower limits for the plasma sheet boundary.

The expansion of the auroral oval seems to occur uniformly and directly

on the nightside while it is delayed on the dayside and preceded by an initial

poleward motion. About 3-12 hours after the onset of activity, the auroral

boundary assumes a shape characteristic of the statistical representation of

the active auroral boundary although equatorward boundary motion continues

throughout the period of constant Kp on 12/10/83. Clearly, certain large-

scale characteristics of the auroral boundary location depend not only on the

instantaneous level of activity but also on the time history of the activi-

ty. The nightside sector (where, coincidentally, most auroral measurements

are performed because of darkness requirements for optical viewing) responds

most directly to instantaneous changes in activity. Also, the statistical

results of Gussenhoven et al. indicate a better correlation between the

auroral boundary location and the instantaneous value of the Kp index in the

evening sector than in the morning.

9



I. ANALYSIS

It is intended here to investigate to what extent simple steady-state and

time-dependent representations of auroral boundary shapes and motions can

account for the major characteristics apparent in these observations. No

attempt is made to specifically model the observational case study presented

in this report, although it is hoped that a simple analytical representation

can demonstrate the role of time dependence in determining large-scale

configurations of auroral precipitation boundaries. Particle motion over

large spatial scales in the magnetosphere is commonly treated under the con-

straints of conservation of energy and the first and second adiabatic invari-

ants. Conservation of total energy (W) can be written

W E + q (Ec L' sin - (1)

where Eis the particle kinetic energy and q is the charge. The electrostatic

potential energy consists of two components, the corotation potential ((o =

91.5 kV) which scales inversely with radial distance (L, in earth radii), and

the potential associated with the imposed magnetospheric convection. Here Ec

is chosen so that the cross-magnetospheric potential drop at a prescribed

distance equals a chosen value, and K (=2) is chosen to provide partial

shielding of the convection field at small radial distances from the earth. A

value of K = 1 represents a uniform electric field, although several authors

have suggested that K 2 best represents conditions in the earth's inner

magnetosphere (Refs. 30, 31, 32). In comprehensive numerical magnetospheric

models shielding is implicit and time dependent, but for the purpose of this

qualitative demonstration, shielding is treated parametrically using the

Volland field model. The kinetic energy, under the constraints of constant

first and second adiabatic invariants, is

Lv
w E o (2)

where E0 is the particle kinetic energy at some reference distance Lo ,

and v= 2 for magnetic field-aligned particles. For particles of intermediate

11
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pitch equatorial angle ( eq), Southwood and Kaye (Ref. 5) use the

approximation

2.1 + 0.9 sin eq (3)

Particle motion based on these constraints lead to well-known

characteristics which are demonstrated in Fig. 4. Figure 4 shows two examples

of particle flow patterns for zero energy electrons in the equatorial plane

over a range of ± 10 Re radial distance from earth. The left panel of the

figure shows the flow pattern for magnetospherically quiet conditions (50 eV

cross-tail potential) and the right panel depicts disturbed conditions (200 kV

cross-tail potential). In steady state, flow lines are equipotentials (dashed

lines in Fig. 4) and the gradient of the potential is proportional to the flow

velocity. The solid line in each panel depicts the separatrix or Alfven layer

(e.g., Wolf, Ref. 22) between electron orbits which are open (i.e., extend

from the tail to the noon "magnetopause") and those which are closed (i.e.,

corotating particles). The position of this boundary depends only slightly on

particle energy in the energy range of interest for auroral studies (c % 1

keV). This energy dependence is treated appropriately in later figures. For

auroral studies, this boundary represents the closest approach of particles,

whose origin is in the magnetotail, to the earth as a function of local

time. Thus, the boundary would be manifested at low altitudes as the lowest

latitude to which auroral electron precipitation could extend as a function of

local time. The factor of 2 difference in penetration distance between quiet

and disturbed conditions shown in Fig. 4 represents a change in the auroral

boundary location from 660 magnetic latitude to 580 magnetic latitude at

dusk. These values are quite representative of the observed positions of the

auroral boundary under quiet and disturbed conditions, although no real

attempt to match a specific set of observations is made here.

However, certain characteristics of the observed auroral boundary shape

are not well represented by the results shown in Fig. 4. For example, the

calculated auroral boundary is symmetric about the dawn-dusk meridian, imply-

ing that the auroral boundary at noon should lie at the same latitude as at

midnight. Observations, on the other hand, show clearly that the noon low-

latitude auroral boundary lies 100-120 higher in latitude than the midnight

boundary. Furthermore, the calculated auroral boundary penetrates to lowest

12
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latitude in the dawn sector while observations indicate that the auroral

boundary penetrates to the lowest latitude in the midnight sector.

Several effects can contribute to the offset of the auroral boundaries

toward midnight. It is well known that the compression of the magnetosphere

on the day side by the solar wind causes magnetic field lines at a given

equatorial radial distance to map to a higher latitude at the earth's surface

on the day side than on the nightside. This effect has been investigated

analytically and observationally by several authors (Refs. 32, 33) for the
poleward boundary of the auroral oval, where offsets of about 3-50 toward

midnight can be expected. Somewhat smaller offsets of the equatorward

boundary of the aurora due to this effect can be expected. This effect should

be present even under steady conditions, and ample evidence exists for its

presence, even in the earliest auroral data sets (e.g., Feldstein, Ref. 34 ).

Also, apparent offsets of the equatorial auroral boundary can be caused by the

erosion of particle flux as the particles experience precipitation loss while

drifting from midnight toward noon. Precipitation losses lead to diminished

particle flux throughout the auroral zone on the day side, and the same effect

can cause the day side equatorial auroral boundary to appear much less sharp

than on the night side. These observational features are apparent in the data

set presented here even in steady conditions, and this effect caused some

problems in identifying the day side boundary, as discussed earlier.

Some of the remaining discrepancies between the calculated and observed

auroral boundaries could be overcome by modifying the convection electric

field model in space and time. Indeed, it is probably the case that the real

electric field distribution does not have the strict day-night symmetry

present in the Volland field model. Convection models which are based on

self-consistently calculated electric fields do show day-night asymmetries due

to the closer penetration of the shielding layer on the night side than on the

day side (see Ref. 22). However, these asymmetries would have to be quite

severe to account for several aspects of the observec particle boundaries (in

particular, the complete disappearance of plasma sheet particles in the noon

sector). An alternative approach is to examine the behavior of the particle

boundary during the transition between quiet and disturbed conditions. This

investigation is presented here, with the expectation that the transition

shape of the boundary might account for some of the major discrepancies be-

13
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tween observations and a simple steady-state computation. A precedent for

this type of study is the work done on the formation of plasmaspheric tails

and detached plasma regions due to time-dependent convection effects (Refs.

15, 16).

One method of investigating the time-dependent evolution of the auroral

boundary is to assume that the pre-existing, quiet, steady-state boundary

(e.g., left panel of Fig. 4) experiences a step-function change in convection

strength. The evolution of particle boundaries in the equatorial plane

following a step-function change in convection strength is depicted in the

various panels of Fig. 5. Figure 5 shows the boundary shapes for 1, 3, 6, and

12 hours after the onset of active conditions, as well as the ultimate steady-

state solution. In each panel noon is at the top, midnight at the bottom, and

dawn to the right. Boundary evolution is shown for three different electron

energies; c = 0, 1, and 10 keV. Conceptually and computationally, the C = 0

boundary is straightforward since it simply represents the propagation of the

pre-existing zero energy Alfven layer, or plasmapause, in the new convection

field (Ref. 15). It should be noted that particle boundaries are not

equipotentials during the transition period between the initial and final

steady states. The treatment of finite energy electrons is less

straightforward since one must decide to what spatial location the kinetic

energy pertains. For the purpose of this treatment it has been chosen to

treat the energy as a "local" quantity. That is, the plots depict the regions

of access of electrons with, say, 1 keV local energy, as though measurements

were being made with spacecraft instruments, sensitive only to 1 keV elec-

trons, at various positions in the equatorial plane.

The specific approach which was used to produce the time-dependent

boundaries plotted in Fig. 5 is best described in terms of an example. In

order to compute the configuration of the E = 1 keV boundary for a time 1 hour

following the onset of activity, a large set of "single particle" trajectories

was computed. The single particle trajectories were computed using a

disturbed electric field model (Ec = 5 kV/Re). The electron trajectories were

initialized with 1o = 1 keV with initial positions comprising a uniform dense

grid in the equatorial plane (2,500 trajectories were computed with starting .-

locations uniformly spaced between -10 Re < X < 10 Re, - 10 Re 'Y 10 Re).

Each of these 1 keV test particles was traced (backward in time) to determine

1~4



its position and energy at the time of onset of enhanced convection (t = 0).

Each particle position and energy was then compared with the location of

the Alfven layer (for their appropriate energy at t 0 0) under the pre-

existing quiet conditions (Ec = 1 keV/Re). Thus, the boundary for c = 1 keV

and t = 1 hour represents the spatial boundary between 1 keV electrons which

would have traced back to a location at t = 0 which was internal to or eA-

ternal to a pre-existing Alfven layer of appropriate energy. In this treat-

ment no assumption is made about the distribution of "newly-injected" parti-

cles (c.f., Mauk and McIlwain, Ref. 11) other than their exclusion from the

pre-existing Alfven layer. It further represents a boundary between locations

for which there is or is not a source for 1 keV electrons at a time one hour

following the onset of enhanced convection. If, in the quiet initial steady

state, finite energy electrons (c > 0) only had access to those regions out-

side of the Alfven layer (e.g., for a source in the earth's magnetotail) then

electrons with E = 1 keV could only be observed external to the boundary

plotted in Fig. 5, for there would be no source for 1 keV electrons internal

to the boundary. Note that the boundary itself is not "propagated," but

rather the boundary is a manifestation of the location of 1 keV electrons

relative to a pre-existing Alfven layer at t = 0.

The clearest result of this analysis is the formation of an extension of

the particle boundaries toward the dayside magnetopause within several hours

of the onset of activity. At zero energy this result represents the formation

of a dayside plasmaspheric tail, a feature which has been discussed by several

authors (Refs. 15, 16) with regard to observations of detached plasma

regions. Figure 5 shows that similar features develop for electrons of

moderate energy and persist for several hours after the onset of enhanced

convection.

The dayside tail eventually disappears and the boundary assumes its

steady-state location after about 24 hours (topologically, the tail simply

becomes thinner with time but never really disappears). Higher energy elec-

trons have higher drift speeds and approach a steady-state configuration

somewhat faster. At all energies the nightside portion of the boundary propa-

gates inward toward the earth directly while the dayside boundary forms an

extended tail which eventually becomes vanishingly thin. Pitch angle depend-

ence is not important for very low energy electrons (c < 1 keV) but can have
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noticeable effects at energies near 10 keV. Particle boundaries for equatori-
ally mirroring (solid lines) and magnetic field aligned (dashed lines) are

plotted in Fig. 4. Pitch angle effects on the boundary configuration are most

apparent on the dayside.

The results shown in Fig. 5 can be compared qualitatively to charged-

particle observations in the equatorial plane. Fairfield and Vinas (Ref. 13)

use data from the ISEE 1 charged-particle spectrometer to study the

relationship between the inner edge of the plasma sheet and the configuration

of the diffuse aurora boundary at low altitude. Their results indicate that

the equatorial inner edge of the plasma sheet (at E = 1 keV) at midnight

typically resides near geosynchronous distance during quiet times but

penetrates inward to about 3 Re distance during disturbed times. In the 12-15

hour local time range, the plasma sheet inner edge is observed to occur

outside of geosynchronous distance even during disturbed times. This result

is qualitatively consistent with the formation of an extended boundary toward

the dayside intervals such as those shown in Fig. 5. Possibly the final

disturbed steady-state configuration is never achieved. Furthermore, the

extreme scatter in the distribution of boundary data in Fairfield and Vinas

seems indicative of the fact that the instantaneous activity index (Kp) does

not order the boundary positions well.

The manifestation of the time-dependent boundary configurations in the

low-latitude auroral boundary viewed from low altitudes is demonstrated in the

series of plots in Fig. 6, which show boundary shapes projected into magnetic

local time and magnetic latitude coordinates. For simplicity, a dipole field

is used for these projections. The use of more realistic magnetic field

models (e.g., Mead and Fairfield, Ref. 33; Fairfield and Mead, Ref. 35) would m
be required for specific comparisons with data, but would not lead to qualita-

tively different results. Again, similar to Fig. 5, the initial and final

steady state solutions are shown in the left and right columns. The grids are

drawn in 10' latitude increments with noon at the top and dawn to the right.

The gap in the boundaries near noon indicate intersections with the dayside

magnetopause which is taken to be at X = 10 Re. The shape of these time-

dependent boundaries on time scales of several hours has several features in

common with observations. First, the dayside boundary resides at about 100 -

120 higher latitude than the nightside boundary, and second, the midnight
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portion of the boundary responds most directly to the onset of activity. On

the nightside the calculated boundary propagates to lower latitude at a rate

of about 10 per hour, similar to observed rates. The similarity of the time-

dependent boundary shapes for time scales of 3-6 hours to the statistical

boundaries presented earlier and those of Gussenhoven et al. is quite strong.

Furthermore, the time evolution of the boundary as a function of local

time also has characteristics similar to those of the case study presented

earlier. Figure 7 shows the computed boundary location as a function of time

for the dusk, midnight, dawn, and noon sectors. Note that the "quiet" and

"disturbed" starting points are determined by an arbitrary choice of convec-

tion field strength, but of most importance is the expected qualitative be-

havior of the boundary during the transition period several hours following

the onset of activity. The major features are that the dusk and midnight

boundaries respond promptly and directly, and propagate equatorward at 1/20-10

per hour for several hours while the dayside boundaries respond less direct-

ly. (Recall that the noon boundaries plotted in Fig. 3 represent lower limits

in latitude.) The dawn boundary appears to respond with a 4-6 hour delay

while the noon boundary responds by first propagating poleward by about 80,

then assuming a steady-state location after about one day. Over a two-hour

local time sector near noon the boundary extends all the way to the dayside

magnetopause. Aside from the delay in the response of the dawn boundary, each

of these features is quite apparent in the observational case study results

presented in Fig. 3. The strong similarity between the computed and observed

boundary shapes is indicative of the importance of a simple, time-dependent

transition state in determining auroral boundary locations.

1.



IV. SUMMARY

Charged-particle detectors on low altitude satellites have acquired

extensive data sets pertinent to the spatial and temporal behavior of the low-

latitude boundary of the aurora. The results of a case study and an extensive

statistical study of the auroral boundary using data from the DMSP and NOAA

spacecraft are presented here. Major features of the observations are that

the dayside low-latitude auroral boundary tends to reside about 10-12* higher

in latitude than the nightside boundary; the auroral boundary expands toward

lower latitude with increasing levels of activity; and the noon boundary first

propagates poleward or even disappears, then propagates equatorward following

the onset of activity while the nightside boundary tends to propagate directly

equatorward at a rate of - 10 per hour.

The low-latitude auroral boundary is the low-altitude manifestation of

convection boundaries for magnetospheric particles of moderate (- keV) ener-

gies. Steady-state representations of particle convection, based on conserva-

tion of energy and the first and second adiabatic invariants, can account for

some of the basic features of the auroral boundary location and shape. How-

ever, several characteristics of the boundary shape cannot be represented by

steady-state models without severe modifications of the convection field

models. A simple time-dependent model based on the expected adiabatic re-

sponse of the pre-existing auroral boundary to a step-function increase in

convection strength can account for several large-scale observed character-

istics of boundary location and motion. It is concluded that statistical

representations of auroral boundary locations are best represented by a "tran-

sition" state of auroral boundary which is topologically dissimilar to steady-

state representations. Further, it is concluded that the length of time after

onset of enhanced activity is as important in ordering the configuration of

auroral boundaries as the instantaneous level of activity.
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LABORATORY OPERATIONS

The Aerospace Corporation functions as an "architect-engineer' for

national security projects, specializing in advanced military space systems.

Providing research support, the corporation's Laboratory Operations conducts

experimental and theoretical investigations that focus on the application of

scientific and technical advances co such systems. Vital to the success of

these investigations is the technical staff's wide-ranging expertise and its

ability to stay current with new developments. This expertise is enhanced by %

a research program aimed at dealing with the many problems associated with

rapidly evolving space systems. Contributing their capabilities to the

research effort are these individual laboratories:

Aerophysics Laboratory: Launch vehicle and reentry fluid mechanics, heat
transfer and flight dynamics; chemical and electric propulsion, propellant
chemistry, chemical dynamics, environmental chemistry, trace detection;
spacecraft structural mechanics, contamination, thermal and structural
control; high temperature thermomechanics, gas kinetics and radiation; cw and
pulsed chemical and excimer laser development including chemical kinetics,
spectroscopy, optical resonators, beam control, atmospheric propagation, laser
effects and countermeasures.

Chemistry and Physics Laboratory: Atmospheric chemical reactions,
atmospheric optics, light scattering, state-specific chemical reactions and
radiative signatures of missile plumes, sensor out-of-field-of-view rejection,
applied laser spectroscopy, laser chemistry, laser optoelectronics, solar cell
physics, battery electrochemistry, space vacuum and radiation effects on
materials, lubrication and surface phenomena, thermionic emission, photo-
sensitive materials and detectors, atomic frequency standards, and
environmental chemistry.

Computer Science Laboratory: Program verification, program translation,

performance-sensitive system design, distributed architectures for spaceborne
computers, fault-tolerant computer systems, artificial intelltgence, micro-
electronics applications, communication protocols, and computer security.

Electronics Research Laboratory: Microelectronics, solid-st,,te device
physics, compound semiconductors, radiation hardening; electro-optics, quantum
electronics, solid-state lasers, optical propagation and communications;

microwave semiconductor devices, microwave/millimeter wave measurements,
diagnostics and radiometry, microwave/millimeter wave thermionic devices; %.

atomic time and frequency standards; antennas, rf systems, electromagnetic
propagation phenomena, space communication systems.

Materials Sciences Laboratory: Development of new materials: metals,
alloys, ceramics, polymers and their composites, and new forms of carbon; non-
destructive evaluation, component failure analysis and reliability; fracture
mechanics and stress corrosion; analysis and evaluation of materials at
cryogenic and elevated temperatures as well as in space and enemy-induced
environments.

Space Sciences Laboratory: Magnetospheric, auroral and cosmic ray
physics, wave-particle interactions, magnetospheric plasma waves; atmospheric
and ionospheric physics, density and composition of the upper atmosphere,
remote sensing using atmospheric radiation; solar physics, infrared astronomy,
infrared signature analysis; effects of solar activity, magnetic storms do
nuclear explosions on the earth's atmosphere, ionosphere and magnetosphere;
effects of electromagnetic and particulate radiations on space systems; space

instrumentation.
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