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Abstract

The Polar Ultraviolet Imager (UVI) observes auroral responses to incident solar wind pressure
pulses and interplanetary shocks such as those associated with coronal mass ejections (CMEs).
The arrival of a CME pressure pulse at the front of the magnetosphere results in highly
disturbed geomagnetic conditions and a substantial increase in both dayside and nightside
auroral precipitation. Our observations show a simultaneous brightening over broad areas of the
dayside and nightside aurora in response to a pressure pulse, indicating that more
magnetospheric regions participate as sources for auroral precipitation than during isolated
substorms. We estimate the average energies of incident auroral electrons using Polar UVI
images and compare the precipitation energies during pressure pulse associated events with those
during isolated auroral substorms. Electron precipitation during substorms has average energies
greater than 10 keV and is structured both in local time and magnetic latitude. For auroral
intensi�cations following the arrival of a pressure pulse or interplanetary shock, electron
precipitation is less spatially structured and has greater 
ux of lower-energy electrons (E ave � 7
keV) than during isolated substorm onsets. The average energies of the precipitating electrons
inferred from UVI are consistent with those measured in situ by the Fast Auroral Snapshot
(FAST) spacecraft. These observations quantify the di�erences between global and local auroral
precipitation processes and will provide a valuable experimental check for models of sudden
storm commencements and magnetospheric response to perturbations in the solar wind.
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1. Introduction

The interaction of the magnetosphere with shocks

in the solar wind, particularly those associated with

interplanetary pressure pulses (IPPs) and coronal

mass ejections (CMEs), is receiving considerable at-

tention in light of current e�orts to improve space

weather forecasting and to increase our understanding

of the Sun-Earth environment. End-to-end monitor-

ing of such events by the 
eet of International Solar-

Terrestrial Physics (ISTP) spacecraft and comple-

mentary ground-based observations a�ords unprece-

dented opportunities to study the magnetospheric re-

sponse to strong disturbances in the solar wind as

demonstrated by the well studied January 6-11, 1997,

magnetic cloud event [Fox et al., 1998, and refer-

ences therein]. Interplanetary pressure pulses are

identi�ed as transient enhancements in solar wind

ion density, sometimes carried by 
ow velocities as

high as 1000 km s�1 [Kahler , 1992]. The causal re-

lationship between solar wind disturbances and geo-

magnetic storms has been demonstrated by Gonzales

and Tsurutani [1987], who show a strong association

between sudden storm commencements (SSCs) and

the presence of density enhancements and large am-

plitude interplanetary magnetic �elds (IMF) in the

solar wind. Brueckner et al. [1998] report that

geomagnetic storms consistently follow CMEs and

their associated shocks observed directly by the So-

lar and Heliospheric Observatory (SOHO) spacecraft.

These observations underscore the strong energy cou-

pling between the magnetosphere and solar wind dur-

ing CME-driven interplanetary pressure pulses and

shocks.

Studies of magnetospheric plasma dynamics fol-

lowing the passage of CMEs and magnetic clouds

have predominantly focused on more energetic pop-

ulations such as the acceleration of relativistic elec-

trons in the outer magnetosphere [Baker et al., 1998]

and their transport to lower L shells [Li et al., 1998].

Our knowledge of how auroral and ionospheric par-

ticle populations respond to CME-type disturbances

is more limited. Recent case studies using auroral

imaging by the Polar Ultraviolet Imager (UVI) [Torr

et al., 1995] have generally shown that the auroral re-

sponse to incident pressure pulses occurs much more

rapidly than convection timescales [Spann et al., 1998;

Zhou and Tsurutani , 1999a; Brittnacher et al., 2000].

These observations have raised several key questions

regarding the source regions of auroral precipitation

during CME-magnetosphere interactions, as well as

what processes may be operative during these events.

How much direct access solar wind particles have to

the auroral zone during CME passages is also unclear.

Understanding the complex dynamics governing

the response of the magnetosphere-ionosphere system

to interplanetary pressure pulses is important because

their interaction involves fundamental mechanisms of

mass and energy transport from the solar wind into

the magnetosphere. Moreover, Zhou and Tsurutani

[1999b] have suggested that interplanetary pressure

pulses may play an important role in triggering au-

roral substorms. Previous descriptions of the auro-

ral response to the arrival of interplanetary pressure

pulses and CMEs have been largely qualitative. We

will extend previous studies of auroral morphology

following pressure pulse and CME arrivals by using

Polar UVI images to estimate the incident energy 
ux

and mean energies of the electron precipitation dur-

ing these events. We �rst illustrate the morphological

di�erences between isolated substorms and pressure

pulse/CME related auroral intensi�cations. The en-

ergy characteristics of the electron precipitation fol-

lowing the arrival of an interplanetary pressure pulse

(shock) are compared with those for an isolated auro-

ral substorm. Through this comparison, we demon-

strate how isolated auroral substorms and pressure

pulse related intensi�cations represent di�erent pro-

cesses in the magnetosphere-ionosphere system.

2. Method

The use of multispectral auroral imaging as a

means of remote sensing ionospheric parameters and

energy characteristics of auroral precipitation has

been developed extensively in previous work [Strick-

land et al., 1983; Rees and Lummerzheim, 1989; Ger-

many et al., 1994a, 1994b, 1998; Lummerzheim et al.,

1991]. These techniques typically measure the bright-

ness of auroral emissions at two di�erent wavelengths

or passbands: one which experiences varying degrees

of atmospheric extinction (as a function of the energy

of the precipitating particle causing the emission) and

another for which attenuation by the atmosphere is

negligible. The ratio of these intensities provides an

energy-dependent measurement which can be input

to some electron transport model to yield estimates

of auroral electron energy characteristics.

The application of this technique to images ob-

tained by Polar UVI is described in detail by Ger-

many et al. [1994a, 1994b; 1998] and is only sum-

marized brie
y here. UVI images the Lyman-Birge-

Hop�eld (LBH) emissions caused by electron impact
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excitation of molecular N2 in two passbands. The

LBH-long (LBHl) �lter is centered around 170 nm

where the LBH emissions are less a�ected by O2 ab-

sorption. Electron transport modeling performed by

Germany et al. [1994a, 1994b] allows the incident

electron energy 
ux to be estimated directly from the

photon 
ux observed in the LBHl �lter. The LBH-

short (LBHs) �lter is centered near 150 nm, where the

LBH emissions are strongly a�ected by Schumann-

Runge O2 absorption. Intensities observed through

the LBHs �lter are sensitive to the energy of the in-

cident electrons causing the emissions: photons orig-

inating lower in the atmosphere, created by higher-

energy electrons, must pass through a thicker column

of O2 and su�er greater extinction before reaching the

UVI detector. Thus the photon 
ux measured in the

LBHs �lter depends on the energy spectrum of the

incident electrons, which we describe by their average

energy. The average energy of the incident electrons

is computed from the LBHl:LBHs ratio rather than

just the LBHs photon 
ux alone in order to normal-

ize for varying levels of incident energy 
ux. For any

given energy distribution, f(E), the mean energy is

de�ned as

Eave =

R
E f(E) dE
R
f(E) dE

: (1)

The average energies estimated from the UVI im-

ages are computed on the basis of a Gaussian en-

ergy distribution. Maxwellian distributions have also

been used for this purpose [e.g., Strickland et al.,

1989]. However, Germany et al. [1994a, 1994b]

demonstrated that the modeled column-integrated

LBH emission intensities varied by less than 20% be-

tween input Gaussian and Maxwellian electron energy

distributions. For the choice of energy distribution to

be signi�cant, the errors in the UVI data would have

to be much less than 20%, which is generally not the

case. For UVI the uncertainties in the mean energy

estimation are typically 30% or greater. Uncertain-

ties in the UVI-estimated energy 
ux are determined

by Poisson statistics. Because the photon 
ux mea-

sured in the LBHl �lter has a small contribution from

emissions in the LBHs passband as well, the LBHl

photon 
ux is weakly energy dependent. For incident

electrons with energies between 2 and 15 keV this

energy dependence is small and assumed to be neg-

ligible. Our analysis of precipitating electron energy

characteristics is applied in this energy range.

Each pixel in the LBHl and LBHs images is mapped

into 1.0� magnetic latitude (MLAT) � 0.5 hour mag-

netic local time (MLT) bins over all local times

and magnetic latitudes between 60� and 90� us-

ing Apex coordinates [Richmond , 1995]. For each

MLT-MLAT bin we compute the average photon 
ux

(photons cm�2 s�1) observed through the LBHl and

LBHs �lters in addition to the incident energy 
ux in-

ferred from the LBHl images. This binning is used to

overcome not having a one-to-one spatial correspon-

dence between the pixels in the LBHl and LBHs im-

ages which are acquired at di�erent times. The UVI

images used in this study are obtained in the follow-

ing sequence: LBHl 18.4-s integration, LBHl 36.8-s

integration, LBHs 18.4-s integration, and LBHs 36.8-

s integration. The 36.8-s LBHl images are used to

estimate the incident energy 
ux as shown in Plate

1a and Plate 2a. To improve the signal-to-noise ra-

tio for computing the average energies, the separate

18.4-s and 36.8-s frames for each �lter are summed to

form LBHl and LBHs images with e�ective integra-

tion periods of 55.2 s. In this mode the time resolution

between images taken with the same �lter and inte-

gration period is 3 min. The time label on each image

references the beginning of the integration.

Rapid increases in incident energy 
ux will produce

high counts in the LBHl images while the preceding

LBHs images with which the LBHl:LBHs ratio can

be computed may not re
ect this increase in activity.

This scenario is prevalent during auroral intensi�ca-

tions and can result in an overestimate of the precip-

itating electron mean energy. To minimize this e�ect

on the Eave computation, interpolated values of LBHl

(LBHs) photon 
ux are computed for the time inter-

vals in which LBHs (LBHl) data are taken. Measured

and interpolated intensities are combined to form a

time series of LBHl and LBHs photon 
uxes in each

MLT-MLAT bin from which the LBHl:LBHs ratios

and mean energies are computed. Thus E ave values

are computed at a time resolution of 1.5 min. Average

energy values in MLAT-MLT bins where the photon


ux in either the LBHl or LBHs �lter is less than 4

photons cm�2 s�1 are rejected. This 
ux threshold

represents the value above which the counts in the

UVI detector become statistically signi�cant.

The airglow contribution to the UVI images is re-

moved by a technique similar to that described by

Lummerzheim et al. [1997]. Pixels in the dayside

portion of an image a�ected by airglow are binned

according to solar zenith angle, excluding the auro-

ral contribution. An empirical dayglow model is then

constructed, and the airglow is subtracted from each

UVI image. We also construct keograms from the

UVI images (Plate 1c and Plate 2c) which show the
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average incident energy 
ux (odd-numbered panels)

and mean energy (even-numbered panels) within a

speci�ed local time region as a function of magnetic

latitude and UT.

3. Observations

There are considerable variations between auro-

ral intensi�cations in terms of morphology and mag-

nitude. Our de�nition of an \isolated auroral sub-

storm" includes those events that generally conform

to the Akasofu [1964] phenomenological auroral sub-

storm description during which only one optical signa-

ture of substorm onset is observed (auroral brighten-

ing and the poleward motion of midnight sector auro-

ral oval). The classical auroral substorm description

provides the context within which we compare pres-

sure pulse related auroral intensi�cations. For this

study we selected events for which UVI simultane-

ously observes both the dayside and nightside regions

of the auroral oval. We describe an event which oc-

curs on December 18, 1996 (961218), as an example of

an isolated substorm. The UVI observations follow-

ing the arrival of an interplanetary shock on August

26, 1998 (980826), are selected to illustrate the auro-

ral response to such solar wind disturbances. These

two events are representative cases which illustrate

the di�erences between the two types of auroral ac-

tivity described in this study. A statistical analysis

of a larger number of isolated substorms and pressure

pulse related events is in progress and will be reported

at a later time.

3.1. Energy Flux and Morphology

The morphological features of a typical isolated au-

roral substorm are illustrated in the UVI images and

auroral energy 
ux keograms shown in Plate 1 for an

event that occured on December 18, 1996. The en-

ergy 
ux keograms for this event are shown for the fol-

lowing local time sectors: evening (2000-2200 MLT),

premidnight (2200-0000 MLT), postmidnight (0000-

0200 MLT), and dawn (0500-0700 MLT). The gap

in the keograms between 0553 and 0556 UT is due

to a shift of the platform on which the UVI instru-

ment is mounted on the Polar spacecraft. The onset

of this isolated substorm occurs between 0530:36 and

0533:40 UT and is seen in the 0533:04 UT LBHl im-

age as an enhancement in incident energy 
ux from

2.7 � 1.6 to 19.2 � 4.4 ergs cm�2 s�1 within a lim-

ited local time region between 2300-2330 MLT. En-

ergy 
uxes in the dawn (0200-0700 MLT) and dusk

(1500-2000 MLT) sectors do not change signi�cantly

during the substorm onset and remain below 3.1 �

1.8 ergs cm�2 s�1 until after 0536:08 UT (Plate 1a).

Throughout this isolated substorm we observe very

little auroral activity in the dayside oval between

0900-1500 MLT where incident electron energy 
ux

remains below 1.5 � 1.2 ergs cm�2 s�1.

The sequence of UVI images in Plate 1a shows

the spatial development of the substorm expansion

phase which is marked by the poleward enhancement

of auroral precipitation over an increasingly wider lo-

cal time region around the onset location between

0533 and 0551 UT. In the postmidnight sector the

substorm expansion region is observed to reach 0300

MLT by 0542:16 UT, where the mean energy 
ux is

12.6 � 3.5 ergs cm�2 s�1. The westward surge of

the substorm expansion region reaches 1900 MLT by

0551:28 UT. From the UVI images between 0536:08

and 0551:28 UT we estimate the velocity of the west-

ward surge to be 1.1 km s�1 along the auroral oval,

which is consistent with previous optical observations

[Akasofu et al., 1969]. In the 1900-2100 MLT region

a peak energy 
ux of 36.3 � 6.0 ergs cm�2 s�1 is ob-

served near 74.5� MLAT. The westernmost region of

the substorm expansion continues to have the highest

levels of incident energy 
ux throughout this event,

as can be seen in the 0551:28 UT and 0603:44 UT

images (Plate 1a).

The latitudinal enhancement of auroral activity

following the substorm onset is more readily seen in

the midnight sector keograms for this event (Plate 1c,

panels 3 and 5) which show elevated energy 
uxes at

increasingly higher magnetic latitudes between 0533

and 0551 UT. The poleward boundary of the mid-

night sector auroral oval is identi�ed by selecting the

magnetic latitude at which the incident energy 
ux

falls below 1.0 ergs cm�2 s�1, which corresponds to

the lower limit of statistically signi�cant counts in

the UVI images. The value of this threshold is also

empirically determined on the basis that most high-

latitude polar cap precipitation, with the exception

of such discrete structures as transpolar arcs, is ob-

served with energy 
uxes well below 1.0 ergs cm�2 s�1

[Brittnacher et al., 1999]. Using this energy 
ux cri-

terion, we observe the poleward boundary of the oval

in both the premidnight (2200-0000 MLT) and post-

midnight (0000-0200 MLT) sectors to shift from 73�

MLAT prior to the onset (0530 UT) to 86� MLAT

when it reaches its most poleward location (0551 UT)

at a rate of 0.5� MLAT per minute. This is shown in

Plate 1c (panels 3 and 5) by the red traces overlaid on
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the premidnight and postmidnight sector keograms.

The poleward boundary of the auroral oval can also

be identi�ed by choosing the latitude where the inci-

dent energy 
ux falls o� by e�1 of its peak value in

that local time sector. The e-folding criterion yields

a slower poleward expansion rate of 0.3� MLAT per

minute between 70� and 78� MLAT, as shown by the

white traces in panels 3 and 5. A poleward excursion

of the auroral oval is not observed in the dawn and

dusk sectors (Plate 1c, panels 5 and 7) during the

expansion phase of this substorm.

By 0603 UT a decrease in the incident energy 
ux

is observed over most of the substorm expansion ex-

cept within its westernmost region between 1900 and

2100 MLT, where a mean energy 
ux of 20.4 � 4.5

ergs cm�2 s�1 persists (Plate 1a). As the substorm

moves into the early recovery phase at this time, the

decrease in energy 
ux within the midnight sector af-

ter 0603 UT is accompanied by an equatorward re-

treat of the poleward boundary between 2300-0100

MLT as seen in energy 
ux keograms for this local

time region (Plate 1c, panels 1 and 3) between 0603

and 0613 UT. During this time interval, we observe a

broadening of the dawn sector auroral oval, predomi-

nately toward lower latitudes (Plate 1c, panel 5). No

signi�cant motion of the dusk sector auroral oval is

observed throughout this isolated auroral substorm.

On August 26, 1998, at� 0640 UT the Wind space-

craft encountered a CME-driven interplanetary shock

at its upstream location of (XGSE = 117.0 RE , YGSE

= -21.6 RE , ZGSE = -7.6 RE ). At this time, the dy-

namic pressure jumped from 2 nPa to above 10 nPa

with a fourfold increase in proton density downstream

of the shock (not shown). Further details of the in

situ Wind observations of this interplanetary shock

are given by Bale et al. [1999]. The Polar UVI obser-

vations of the auroral response to this interplanetary

shock are given in Plate 2. The keograms derived

from the UVI images for this event are shown for the

midnight (2300-0100), dawn (0500-0700 MLT), noon

(1100-1300 MLT), and dusk (1700-1900 MLT) mag-

netic local time sectors. The data drop-out in the

keograms between 0750 and 0810 UT is caused by

the auroral oval moving out of the UVI �eld of view

prior to a shift in the UVI viewing orientation.

Prior to the arrival of the interplanetary shock,

we observe preexisting activity in the 1800-2400 MLT

sector with a mean energy 
ux of 5.3� 2.3 ergs cm�2 s�1

(Plate 2a, 0650:52 UT image). This is the remnant

of a previous auroral intensi�cation that occurred be-

tween 0450 and 0600 UT (not shown). Auroral ac-

tivity throughout the dawn 
ank and dayside regions

is low between 0622-0650 UT. During this period the

mean energy 
ux between 70� and 75� MLAT in the

dawn and dusk keograms (Plate 2c, panels 3 and 7) is

comparable at � 2.6 � 1.6 ergs cm�2 s�1. The aver-

age energy 
ux in the noon sector (1100-1300 MLT)

is 1.7 �1:3 ergs cm�2 s�1 prior to the pressure pulse

arrival. There is no signi�cant latitudinal motion of

the auroral oval at all local times between 0622 and

0650 UT. A localized region of higher auroral activity

is observed at 0650 UT near 1500 MLT with a mean

energy 
ux of � 2.9 � 1.7 ergs cm�2 s�1. This re-

gion has been identi�ed by previous studies as one of

two maxima of dayside auroral activity [e.g., Cogger

et al., 1977; Liou et al., 1997, 1999].

In the following we estimate the time delay between

the arrival of the CME-driven, interplanetary shock at

the dayside magnetosphere and the global auroral in-

tensi�cation observed near 0653 UT. We estimate an

equatorial magnetopause stando� distance of � 7.8 �

0.2 RE based on the solar wind conditions measured

prior to the shock arrival by the Wind spacecraft (not

shown). Bale et al. [1999] estimate a shock velocity

of 1300 km s�1 and a shock normal direction of (x̂GSE
� -0.93, ŷ

GSE
� -0.09, ẑGSE � 0.36). Assuming these

properties, we estimate the transit time of the inter-

planetary shock between the Wind spacecraft loca-

tion and the dayside magnetopause at the stand-o�

distance given above to be � 9 � 1 min. This gives

an arrival time of the pressure pulse at the magneto-

sphere near 0648-0650 UT. The initial brightening of

both dayside and nightside auroral zones near 0653

UT occurred no later than 5 min following the arrival

of the solar wind pressure pulse at the dayside mag-

netopause. The auroral response to the incident pres-

sure pulse occurred on Alfv�en wave timescales rather

than convection timescales (tens of minutes) in the

magnetosphere.

The spatial and temporal evolution of auroral ac-

tivity in response to a solar wind pressure pulse is

distinct from that observed during an isolated sub-

storm. The most distinguishing feature is the latitu-

dinal expansion of the auroral oval and enhancement

of incident energy 
ux at all local times rather than

within a limited longitudinal region as in the isolated

substorm described above. This can be seen by com-

paring the 0650:52 and 0653:36 UT images in Plate

2a which show a global enhancement in auroral ac-

tivity. At the location of the initial dayside auroral

brightening between 1200-1500 MLT, incident energy


ux increased by a factor of 5 from the previous mean
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value of 1.7 � 1.3 to 8.8 � 2.9 ergs cm�2 s�1 (Plate

2a, 0653:56 UT image). Another feature to note at

this time is the transient brightening equatorward of

the dayside auroral oval between 0600 and 1800 MLT

at magnetic latitudes less than 70�. The energy 
ux

in this region equatorward of the dayside oval has

a maximum of 15.8 � 4.0 ergs cm�2 s�1 near 1500

MLT and 66� MLAT (Plate 2a, 0653:52 UT image).

This feature persists equatorward of the post-noon

auroral oval with incident energy 
ux of 7.3 � 2.7

ergs cm�2 s�1 until after the 0657:00 UT image. The

average energy 
ux in the premidnight sector between

1800-2300 MLT increases to 9.6 � 3.1 ergs cm�2 s�1

between the 0650:52 and 0653:56 UT images (Plate

2a). This enhancement in incident energy 
ux in the

premidnight sector is greater than three standard de-

viations above the mean energy 
ux measured in the

preexisting activity in this region prior to the arrival

of the pressure pulse.

The global expansion of the auroral oval follow-

ing the interplanetary shock arrival is further demon-

strated by the energy 
ux keograms shown in Plate

2c (odd-numbered panels). Near 0653 UT we observe

an abrupt broadening of the auroral oval that is most

pronounced in the midnight (panel 1) and dusk (panel

7) local time sectors. The energy 
ux increases by a

factor of 6 to 16.6 � 2.6 ergs cm�2 s�1 in the dusk

sector and 25.3 � 5.0 ergs cm�2 s�1 in the midnight

sector after the shock arrival. The expansion of activ-

ity over a wider latitude range at 0653 UT is also ev-

ident in the dawn sector (panel 3) keogram although

the increase in average energy 
ux is only a factor of 3

from 2.6� 1.6 to 7.7� 0.8 ergs cm�2 s�1. In the noon

sector (panel 5) the oval transiently expands equator-

ward between 0653 and 0703 UT with a fourfold en-

hancement in energy 
ux to 6.4 � 1.3 ergs cm�2 s�1

between 70� and 80� MLAT.

In contrast to the isolated substorm, the precipi-

tating electron energy 
ux at high latitudes and in the

polar cap is signi�cantly greater during this pressure

pulse related event. The UVI images between 0653:56

and 0657:00 UT show that the increase in auroral

precipitation at high latitudes initially occurs in the

dusk and premidnight auroral oval, expanding east-

ward toward the dawn sector, as well as broadening

in latitude at all local times by 0709:16 UT (Plate 2a).

No westward surge-like feature is observed during this

pressure pulse related intensi�cation as is typically

seen during substorms. The energy 
ux criterion used

to identify the poleward boundary of the auroral oval

for the December 18, 1996, event fails in this case at

all local times because the energy 
ux within the po-

lar cap (normally considered the region poleward of

the auroral oval where 
ux tubes are thought to be

open to the solar wind) exceeds the 1.0 ergs cm�2 s�1

threshold in both the dayside and nightside auroral

zones after 0653 UT. In this case, the e-folding cri-

terion is used to describe the poleward motion of the

midnight sector oval, which moves from roughly 72�

MLAT to 83� MLAT between 0653 and 0712 UT as

shown by the white trace overlaid on the keogram in

panel 1 of Plate 2c. The rate of poleward expansion of

the midnight sector oval is twice as fast (0.6� MLAT

per minute) as that during the isolated substorm by

the same e-folding criterion. The response of the au-

roral oval in the dusk (1700-1900 MLT) and dawn

(0500-0700 MLT) sectors following the pressure pulse

arrival is asymmetric. Between 0653 and 0722 UT,

the e-folding boundary in the dusk sector moves pole-

ward at a steady rate of � 0.3� per minute. In con-

trast the auroral oval in the dawn sector is observed

to shift slightly equatorward from 83� MLAT to 77�

MLAT following the pressure pulse arrival, where it

remains until 0725 UT (Plate 2c, panel 3).

CME pressure pulse related auroral enhancements

are much more global phenomena than isolated sub-

storms, with enhancements of precipitating electron

energy 
ux and latitudinal expansion of both the day-

side and nightside aurora. The location of an isolated

substorm breakup can be identi�ed within a relatively

narrow region in local time, usually near the premid-

night or midnight auroral zones (2100-0000 MLT). In

contrast, a unique onset location is not observed for

auroral intensi�cations following the arrival of an in-

terplanetary pressure pulse as demonstrated by the

August 26, 1998, event.

3.2. Average Energies

As with the UVI-derived energy 
ux, the average

energy data are presented in two formats in Plates 1

and 2: MLT-MLAT maps in Apex magnetic coordi-

nates (Plates 1b and 2b) and average energy keograms

for various local time sectors (Plates 1c and 2c, even-

numbered panels). The time labels on the Eave maps

shown in Plates 1b and 2b reference the time of the

�rst image frame used to compute the mean ener-

gies, which starts � 20 s prior to the images shown in

Plates 1a and 2a.

Prior to the onset of the isolated substorm on De-

cember 18, 1996, the electron precipitation near local

midnight has average energies near 4.1 � 2.7 keV be-

tween 2200-0200 MLT as shown in the 0529:40 UT
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E ave map (Plate 1b). The hardest electron precipi-

tation at this time is observed in the dusk sector be-

tween 1700-1900 MLT with typical Eave values of 10.7

� 4.2 keV. The electron precipitation near the equa-

torward boundary of the morning sector oval near

0300 MLT also has higher average energies than in

the midnight sector prior to the substorm onset, with

E ave values of 6.8 � 3.2 keV. The large errors (� 40%)

in the inferred E ave values in the 0529:40 UT average

energy map are due to the low counts (energy 
ux

less than 3.0 ergs cm�2 s�1) in the UVI images prior

to the substorm onset.

At the onset of the December 18, 1996, substorm

(near 0533 UT) the mean energy of the precipitating

electrons at the breakup location (between 2300 and

2330 MLT) increases to 14.6 � 2.6 keV near the equa-

torward edge of auroral oval (� 65� MLAT) and 12.2

� 1.6 keV at higher latitudes near 71� MLAT (Plate

1b, 0532:44 UT E ave map). As the substorm expan-

sion phase ensues after 0535 UT, higher energy elec-

tron precipitation with mean energies between 9.8 and

11.3 keV are observed throughout the breakup region

between 2200 and 0030 MLT and 65� and 75� MLAT

(Plate 1b, 0535:49 UT Eave map). The hardest elec-

tron precipitation within the substorm breakup is ob-

served between 2000-2100 MLT near 72� MLAT in

the westward surge at the peak of the substorm ex-

pansion phase (Plate 1b, 0551:28 UT Eave map). Here

the average energy of the electron precipitation is in-

ferred to be 14.3 � 2.2 keV. This is also shown in the

evening sector (2000-2200 MLT) E ave keogram (panel

2), which shows a hardening of the precipitation mean

energy to 14.4 � 2.1 keV near the poleward boundary

of the auroral oval between 0541 and 0553 UT when

the westward surge of the substorm expansion enters

this region. The black-colored pixels within the west-

ward surge region in the 0551:28 UT Eave map are

where some average energy values are excluded be-

cause they fell outside the range of values for which

our analysis is appropriate.

The Eave maps between 0541 and 0603 UT (Plate

1b) show that the precipitating electron average en-

ergy is structured in local time and magnetic lati-

tude during the expansion phase of this substorm. In

the premidnight sector (2200-0000 MLT), precipitat-

ing electron energies are highest near the poleward

edge of the substorm expansion while in the post-

midnight sector (0000-0200 MLT) the opposite is ob-

served, with the highest E ave values near the equa-

torward portion of the oval. This pattern is seen be-

tween 1800 and 0600 MLT in the average energy maps

spanning 0541:57-0603:25 UT (Plate 1b) during the

substorm expansion phase. In the premidnight sector

(2200-0000 MLT) E ave keogram, both incident elec-

tron energy 
ux and mean energy increase with lati-

tude, indicating that the precipitation within the sub-

storm expansion region hardens as it expands pole-

ward between 0533-0550 UT (Plate 1c, panels 3 and

4). In the dusk sector (1700-1900 MLT) we also ob-

serve higher mean energies near the poleward bound-

ary (Eave > 12 keV) than at lower latitudes (Plate

1b). In contrast, the electron precipitation in the

postmidnight sector (0000-0200 MLT) has the highest

mean energies near the equatorward boundary of the

oval. From the substorm onset through the expansion

phase, the average energy of electron precipitation is

11.8 � 3.4 keV near 63� MLAT in the postmidnight

region (Plate 1c, panel 6). Similarly, the dawn sector

E ave keogram (Plate 1c, panel 8) shows incident elec-

tron average energies of 11.9 � 4.3 keV near the equa-

torward boundary of the oval (� 66� MLAT) which

decrease with increasing latitude.

Prior to the pressure pulse related auroral intensi-

�cation on August 26, 1998, the most energetic elec-

tron precipitation is seen in the premidnight sector

(1900-2100 MLT) where the remnants of a previous

intensi�cation are observed until � 0653 UT. Here

the mean energies of the electron precipitation range

between 5.7 and 9.7 keV as shown in the 0650:33 UT

E ave map (Plate 2b). The midnight sector (2300-0100

MLT) E ave keogram in Plate 2c (panel 2) shows that

the preexisting electron precipitation between 0622

and 0653 UT had a median average energy of 9.2 �

3.5 keV near the equatorward boundary of the night-

side oval (60�-63� MLAT) and 2.8 � 2.2 keV at higher

magnetic latitudes between 66� and 71� MLAT. The

electron precipitation in the morningside and dayside

ovals, where the aurora is not very dynamic between

0622 and 0653 UT, has E ave values below 6.0 keV

(Plate 2c, panels 4 and 6).

Following the pressure pulse arrival, dayside elec-

tron precipitation with mean energies between 4.6 and

7.7 keV (Plate 2b, 0653:36 UT Eave map) is observed

between 0900 and 1500 MLT. Equatorward of the

dayside auroral oval between 1200 and 1800 MLT,

where we observed a transient, subauroral enhance-

ment in incident energy 
ux, the average energy of

the electron precipitation is slightly higher than that

in the main oval, with E ave values of 5.9 and 8.4 keV

(Plate 2b, 0653:36 UT E ave map). During the initial

poleward expansion of the dusk sector auroral oval

between 1800 and 2100 MLT, average energy values
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between 10.4 and 12.5 keV are estimated for the pre-

cipitation in this broad region (Plate 2b, 0656:40 UT

E ave map). This is not re
ected strongly in the dusk

sector E ave keogram near 0656 UT (panel 8), since the

mean energy values shown here are averages over a 2

hour MLT sector. The arrival of the pressure pulse

did not signi�cantly a�ect the electron precipitation

near the equatorward boundary of the midnight sec-

tor oval. The median average energy in this region

after 0653 UT is 12.3 � 2.0 keV as shown in the E ave

maps between 0653:56 and 0656:40 UT (Plate 2b) and

the midnight sector E ave keogram (Plate 2c, panel 2).

In comparison to the isolated substorm, the spatial

distribution of precipitating electron average energies

is less structured at the resolution of the UVI images

during this pressure pulse related intensi�cation. The

E ave maps in Plate 2b between 0708:56 and 0721:12

UT show that the electron precipitation across the

nightside auroral zone between 70� and 80� MLAT

and 1800-0600 MLT has average energies between 4.5

and 7.1 keV. Within this region the only structures

that appear are two localized patches with slightly

higher mean energies between 8.6 and 10.8 keV as

shown in the 0708:56 UT E ave map near 72� MLAT

just before and after local midnight. These patches

are coincident with localized enhancements in the in-

cident energy 
ux (Plate 2a, 0709:18 UT image). The

average energy of the electron precipitation decreases

to values ranging between 3.2 and 5.0 keV poleward

of 80� MLAT at all local times. The E ave keograms

in Plate 2c (even-numbered panels) also show that

the electron precipitation following the arrival of the

interplanetary pressure pulse was observed at mean

energies below 7 keV poleward of 70� MLAT.

During the August 26, 1998, event, in situ mea-

surements of precipitating electrons were made by the

Fast Auroral Snapshot (FAST) satellite [Carlson et

al., 1998a]. In Figure 1 the UVI-inferred precipitat-1
ing electron average energies are compared with those

measured directly by FAST over the morning sector

oval between 0100 and 0200 MLT. The grey line shows

the average energy of the downward going electrons

(0�-30� pitch angle) between 300 eV and 30 keV as

computed from (1). In selecting 300 eV as the lower

limit of integration, we have chosen to include mostly

plasma sheet electrons in computing the FAST mean

energy values shown in Figure 1. The upper inte-

gration limit of 30 keV is determined by the highest

energy detected by the FAST electrostatic analyzers.

The FAST E ave values are averaged over 40 s as shown

by the black line in Figure 1. Over this time inter-

val the FAST spacecraft traverses a distance of � 200

km near apogee. This is comparable to the size of the

MLT-MLAT bins used in the UVI E ave computation.

The data points in Figure 1 are the UVI-derived E ave

values along the FAST trajectory.

The precipitating electron average energies inferred

from UVI are consistent with those measured by

FAST, following a similar pro�le in latitude. How-

ever, the UVI E ave values are systematically higher.

As FAST moves equatorward from 75� MLAT to 71�

MLAT, the average energy of the precipitating elec-

trons it measures gradually increases from� 1.5 to 2.5

keV. The UVI-estimated E ave values in this region are

higher, increasing from 3.0 � 1.9 keV at 74� MLAT to

4.2 � 1.3 keV at 71� MLAT. The agreement between

the FAST and UVI average energy values improves

between 68� and 70� MLAT as both FAST and UVI

show the mean energy of the electron precipitation in-

creasing from� 5 keV near 70� MLAT to 6 keV at 68�

MLAT. The 7.7-keV peak in the mean energy mea-

sured by FAST near 65.5� MLAT is not resolved by

UVI. Instead, the UVI average energy pro�le shows

a broader peak between 63� and 67� MLAT with a

maximum value of 8.6 � 1.9 keV. Equatorward of

63� MLAT, the average energies measured by FAST

decrease below 4.0 keV. Near the equatorward por-

tion of the FAST trajectory (62� MLAT) the mean

energy derived from UVI also decreases with a value

of 4.9 � 2.1 keV.

In summary, the electron precipitation associated

with auroral brightenings is observed to be harder

during the isolated substorm than during the auro-

ral intensi�cation immediately following the incident

solar wind pressure pulse, particularly during the sub-

storm onset and expansion phase. The regions of the

auroral oval with the highest energy 
ux during the

December 18, 1996, isolated substorm are coincident

with where the electron precipitation has the highest

mean energy (Eave � 10 keV). In contrast to the iso-

lated substorm, the electron precipitation during the

pressure pulse related intensi�cation is softer, with

average energies of less than 7.0 keV in the regions

where we observe the highest energy 
ux. The spatial

distribution of precipitation electron average energies

is ordered in local time during the isolated substorm

while less structure is seen in the E ave maps for the

pressure pulse related event for which the mean en-

ergy only varied in latitude. A westward surge and

the hard electron precipitation associated with it do

not appear in the pressure pulse related auroral in-

tensi�cation.
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4. Discussion

When comparing the FAST and UVI derived mean

energies, we �nd that the UVI E ave values are gener-

ally overestimated. We have considered whether the

average energy signatures of the two events discussed

above, particularly at the substorm onset and imme-

diately following the pressure pulse arrival, are exag-

gerated by computing LBHl:LBHs ratios from images

taken at di�erent times during very dynamic auroral

activity. Germany et al. [1998] point out that the

mean energies derived from the UVI images can be

overestimated in situations where the aurora is chang-

ing rapidly between two UVI images, especially near

boundaries of the auroral oval. However, the aurora

is not very dynamic during this period as shown by

the UVI keograms in Plate 2c between 0807 and 0818

UT. No signi�cant auroral boundary motions are seen

during this period when we compare the FAST and

UVI E ave observations.

The discrepancies between the FAST and UVI lat-

itude pro�les of E ave values can be accounted for, in

part, by the di�erences in spatial scales over which the

E ave values are determined between FAST and UVI.

The UVI-derived mean energies are computed over

1.0� MLAT � 0.5 MLT spatial bins while the FAST

E ave values are point measurements that only sample

a portion of the morning sector oval observed by UVI.

Moreover, the scale size of the auroral structures that

we can resolve with the coarse spatial resolution of the

UVI binned pixels (in MLT-MLAT) is at least 2 orders

of magnitude larger than that which can be discerned

with the FAST measurements. The UVI average en-

ergy estimation is also a�ected by the wobble of the

Polar spacecraft which causes a 1 � 10 pixel smearing

in the images. While the MLT-MLAT binning of the

UVI images averages out the e�ects of the wobble, the

regions of the images where lower photon 
uxes are

measured may have larger errors due to the wobble

than in brighter portions of the images. Poleward of

71� MLAT where the UVI-derived mean energies are

overestimated in comparison to the in situ FAST E ave

values (Figure 1), the auroral emissions measured by

UVI decrease rapidly with increasing latitude (with

an equivalent energy 
ux below 4.0 ergs cm�2 s�1) as

shown in the midnight sector keogram for this period

(Plate 2c, panel 1). Uncertainties in the UVI pointing

must also be considered.

The degree to which the FAST and UVI average

energy values agree also depends upon the limits of

integration one uses when computing the mean ener-

gies via (1). However, since the uncertainties in the

UVI mean energy estimates are � 30% for the data

shown in Figure 1, the choice of the minimum energy

to use in the FAST E ave computation was not found

to have a signi�cant impact on the agreement between

the FAST and UVI E ave values for Emin between 100

and 500 eV. Moreover, if there was a substantial 
ux

of electrons with energies greater than 30 keV during

the period when we are comparing the FAST and UVI

mean energy values, the FAST data would give no in-

dication, since these are outside the electron energy

range covered by FAST. The precipitation of these

greater than 30 keV electrons would, however, con-

tribute to the luminosity measured by UVI and re-

sult in an increased estimate for the average energy

relative to FAST.

While further comparisons to in situ electron pre-

cipitation measurements are needed to increase our

con�dence in the UVI-derived E ave values during dy-

namic auroral conditions, previous observations are

consistent with the characteristics of the precipitat-

ing electrons inferred from the images during the De-

cember 18, 1996, isolated substorm. Defense Meteo-

rological Satellite Program (DMSP) measurements of

auroral precipitation within a westward surge showed

enhanced 
uxes of electrons above 20 keV [Meng et

al., 1978]. The hardening of the electron precipita-

tion in the westward surge of a substorm has also

been reported by R�eme and Bosqued [1973] from in

situ electron measurements obtained by a sounding

rocket. They �nd that the 
ux of electrons between

5 and 30 keV greatly increased in the westward surge

region while electrons 
uxes at energies below 5 keV

were relatively weak and stable.

The E ave parameter has been interpreted as the av-

erage energy that electrons gain from passing through

an electrostatic parallel potential [e.g., Carlson et al.,

1998b]. Magnetospheric electrons accelerated down-

ward by such potentials constitute regions of upward

�eld-aligned current (FAC). In the postonset mean

energy maps for the December 18, 1996, isolated sub-

storm (Plate 1b), the spatial distribution of mean en-

ergies near 10 keV and above is consistent with Iijima

and Potemra's [1978] statistical pattern of upward

�eld-aligned current for active periods (jALj> 100 
).

In the dusk and premidnight sectors (1800-0000 MLT)

the band of electron precipitation with mean ener-

gies above 10 keV lies poleward of 70� MLAT as do

the Region 1 upward FAC. In the postmidnight and

dawn sectors (0000-0600 MLT) the Region 2 upward

�eld-aligned currents are equatorward of 70� MLAT,
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which is where we observe the highest mean energy

electron precipitation at these local times in the UVI

E ave maps. Moreover, the westward traveling surge

that we observe in the UVI images during the De-

cember 18, 1996, substorm is interpreted to represent

the closure of these �eld-aligned current systems in

the ionosphere. This interpretation suggests that the

energy characteristics of electron precipitation within

the discrete auroral forms observed during substorms

are a�ected by the presence of �eld-aligned potential

drops which are observed at relatively low altitudes

below 2 RE [Mozer et al., 1977; Mozer and Kletzing ,

1998].

The hard electron precipitation (Eave � 10 keV)

observed in the postmidnight and dawn sectors of the

average energy maps for the December 18, 1996 event,

(Plate 1b) is the result of substorm-injected electrons

which drift eastward toward the morning side where

wave-particle interactions lead to precipitation. The

substorm injected electrons with the highest ener-

gies arrive �rst and are detected prior to those with

lower energies. This e�ect is shown by the postmid-

night (0000-0200 MLT) and dawn sector mean energy

keograms (Plate 1c, panels 6 and 8). Electron precip-

itation with E ave > 11 keV is �rst observed after the

substorm onset near 0533 UT in the postmidnight

sector (panel 6). Precipitating electrons with similar

mean energies then appear in the dawn sector E ave

keogram (panel 8) between 0605 and 0623 UT. The

hardening of the electron precipitation in the morn-

ingside has been well established by balloon-borne

measurements of bremsstrahlung x-rays [Barcus and

Rosenberg , 1966; Parks et al., 1968].

While the auroral brightening associated with the

arrival of an interplanetary pressure pulse has super-

�cial similarities to that observed during substorms,

including the poleward excursion of the auroral oval

and an increase in the energy 
ux of electron precip-

itation, our observations point out key di�erences in

the physical processes during these phenomena. The

lower average energy of the electron precipitation ob-

served following an interplanetary pressure pulse ar-

rival and the lack of discrete structure in the E ave

maps suggest that the auroral acceleration region is

not as important in governing the properties of elec-

tron precipitation during these pressure pulse related

intensi�cations. There is no indication of electron in-

jection and subsequent hard morningside precipita-

tion for pressure pulse related auroral activity as there

is during substorms. Furthermore, we do not �nd ev-

idence for the closure of �eld-aligned currents in the

ionosphere via the substorm current wedge (SCW)

based on the lack of a westward surge-like feature

during the pressure pulse related intensi�cation. This

also implies that the processes which may recon�gure

the magnetotail are di�erent for isolated substorms

and pressure pulse associated intensi�cations.

The high-energy 
ux of electron precipitation in

dayside local times and in the polar cap not typi-

cally observed during isolated substorms raises the

question of source populations for the electron pre-

cipitation. Although we cannot address this question

from the UVI images alone, we can infer that many

more regions of the magnetosphere contribute to the

pressure pulse related precipitation than during sub-

storms which are typically associated with the plasma

sheet in the magnetotail. Examination of in situ ob-

servations, such as those made by the FAST satellite,

will be necessary to determine if electrons from the

high-energy tail of the solar wind distribution are con-

tributing to the high-latitude, polar cap precipitation

that is observed during the August 26, 1998, event.

This study has demonstrated the usefulness of au-

roral imaging in revealing the global aspects of mag-

netospheric dynamics during auroral substorms and

at the initial phase of magnetic storms not possible

through satellite point measurements alone. Our re-

sults indicate that we must reevaluate the role of in-

terplanetary pressure pulses in triggering auroral sub-

storms. We have shown that the auroral intensi�ca-

tions resulting from the compression of the magneto-

sphere by a strong solar wind pressure pulse are not

auroral substorms in all cases. Auroral substorms rep-

resent the injection of magnetotail particles into the

near-Earth environment and their subsequent precip-

itation. In contrast, pressure pulse related auroral

activity involves the precipitation of electrons from a

larger region of the magnetosphere. Particle simula-

tions will be utilized in future studies to further quan-

tify the di�erent characteristics of substorm versus

CME-pressure pulse related electron precipitation.
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Figure 1. A comparison of UVI-derived and Fast Auroral Snapshot (FAST)-derived mean energy values for the

August 26, 1998, event. The average energy of the precipitating electrons measured by FAST are shown the by

the grey line. A 40-s average of the FAST E ave values is shown by the solid line. The data points (diamonds) are

UVI-derived E ave values along the FAST trajectory.

Plate 1. Polar Ultraviolet Imager (UVI) observations for the isolated substorm on December 18, 1996: UVI

Lyman-Birge-Hop�eld-long (LBHl) images scaled in units of incident auroral energy 
ux (ergs cm�2 s�1). Eave

maps in units of keV derived from the LBHl:Lyman-Birge-Hop�eld-short (LBHs) image ratio. Auroral keograms

for energy 
ux (odd-numbered panels) and mean energy (even-numbered panels). The red traces shown for the

premidnight (Plate 1c, panel 3) and the postmidnight (Plate 1c, panel 5) energy 
ux keograms indicate the

poleward boundary of the auroral oval at these local times as determined by the 1.0 ergs cm�2 s�1 threshold.

The white traces mark the midnight sector poleward boundaries determined by the (e-folding) criterion.

Plate 2. (a-c) UVI observations of the auroral oval in response to the coronal mass ejection (CME)-driven

interplanetary pressure pulse on August 26, 1998. The format is the same as that for Plate 1. The white trace on

the midnight sector energy 
ux keogram indicates the poleward boundary of the auroral oval in this local time

sector as determined by the e-folding criterion.




