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Global multispectral auroral imaging of an isolated substorm
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Abstract. We analyze simultaneous visible, ultraviolet (UV), and
X-ray auroral images of an isolated substorm on January 25, 1998.
The total precipitating electron energy flux and mean energy ex-
tracted near substorm maximum from each of the imagers are in
acceptable agreement. The expansion phase visible, UV, and X-
ray emissions are morphologically similar, with the brightest emis-
sions coming from the auroral surge. However, during the recov-
ery phase, there are regions of bright X-ray emissions near local
midnight and dawn that do not correspond to obvious features in
the visible and UV images. X-ray energy analysis in these regions
reveals a high energy (~30-100 keV) component of the precipitat-
ing electron population that contributes ~30% of the total electron
energy flux. The temporal development of the X rays indicates
that the dawn emissions originate in a drifting electron population,
while the newly revealed midnight emissions originate in a contin-
uous injection of energetic electrons in a narrow local time region.

Introduction

The auroral substorm was first discovered from a careful synthe-
sis of ground-based all-sky auroral images [Akasofu, 1964]. With
the advent of space-borne auroral imaging, it became possible to
view a large portion of the auroral oval nearly simultaneously and
thereby to study global substorms individually rather than statisti-
cally. The auroral imager on the Dynamic Explorer 1 (DE-1) space-
craft was the first to provide global auroral images (with 12 min
time resolution) over a period long enough to study an individual
substorm from onset to recovery [Craven and Frank, 1985].

The suite of imagers on the Polar spacecraft offers a unique
opportunity to study individual substorms globally and simultane-
ously at visible, ultraviolet (UV), and X-ray wavelengths. Simulta-
neous multispectral imaging shows the dynamics of different par-
ticle populations involved in the substorm process and enables de-
tailed quantitative measurements of the electron energy flux into the
ionosphere. To utilize the capabilities of multispectral imaging, we
searched for a relatively isolated substorm that was viewed nearly
in entirety by the three imagers. Such an event occurred on Jan-
uary 25, 1998 between 0350 and 0530 UT, and we present a subset
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of the simultaneous images from the three instruments which show
the temporal development of the substorm at different wavelengths.
The emissions vary differently with local time during the expansion
and recovery phases, and we assess the origin of precipitating high
energy (~30-100 keV) electrons responsible for the differences.
We find reasonably good agreement between the total precipitating
electron energy flux and average energy derived from the images at
different wavelengths.

Instruments

On January 25, 1998, the Visible Imaging System (VIS) Low
Resolution Camera (LRC) sequentially acquired auroral images at
wavelengths of 557.7 nm, 391.4 nm, and 630.0 nm with 44 sec-
ond integration times and with a spatial resolution of ~20 km.
The Ultraviolet Imager (UVI) continuously acquired images of the
Lyman-Birge-Hopfield long (LBHI, ~160-180 nm) emissions with
a 36.8 second integration time. The UVI spatial resolution is nom-
inally ~30 km, but the wobble of the Polar despun platform de-
grades this resolution somewhat in one dimension. The Polar Iono-
spheric X-ray Imaging Experiment (PIXIE) detected 2.5-9.1 keV
(low energy) X-rays for 5 min out of every 10 and continuously
detected 7.6-20.7 keV (high energy) X-rays. We have assembled
the X-ray counts into images with 5 and 10 min integration times
for low and high energy ranges, respectively. The spatial resolu-
tion of PIXIE image plane is ~150 km at the spacecraft altitude
for this event, but the images are further blurred by a uniform pin-
hole aperture size equivalent to ~600 km. During this period, the
PIXIE field of view (FOV) covers the entire auroral oval, while the
VIS LRC and UVI FOVs cover approximately 1600-0500 MLT
and 1600-0700 MLT, respectively.

Images from January 25, 1998

This substorm began between 03:53:14 and 03:53:50 UT, as de-
termined from the UVI LBHI image showing the first discernible
brightening in the onset region. Figure 1 shows the simultaneous
VIS 557.7, UVI LBH], and PIXIE low and high energy X-ray im-
ages over the course of the substorm. Due to the fundamental dif-
ferences between X-ray and visible/UV photon production, the ab-
solute brightness of the X ray aurora is much lower than that of
the UV and visible aurora (1 R=10%/4 photons cm™2 s~ sr~1).
Each image is labeled with its integration time. We show images
representative of different stages in the substorm development or
containing features of interest. The individual images are shown
on uniform clockdial grids as a function of corrected geomagnetic
(CGM) latitude and local time.

The emissions at 0403 UT, shortly after substorm onset, are
bright in the VIS and UVI images, and are visible but weak in the
PIXIE high and low energy images. By 0411 UT, when the west-
ward traveling surge has developed (as seen in the VIS image at
2100 MLT) and the emissions have expanded eastward, the X-ray
emissions are much brighter and are centered about a region that
is about one hour of local time to the east of the westward surge.
At 0423, the low and high energy X-ray emissions peak in bright-
ness at 2100-2200 MLT and 0000-0100 MLT, respectively. In the
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Figure 1. An auroral substorm on 25 January 98 as seen simultaneously in ultraviolet, visible, and X-ray wavelengths. Sub-
storm onset was at 0353 UT. The images are displayed on a CGM clockdial grid and are each labeled with their integration

time.

VIS and UVIimages, these regions correspond to a region just east
of the surge and a region of diffuse emissions at the equatorward
edge of the auroral oval. Given the known high energies (often >5
keV) of surge-associated electrons, these X-ray emissions from the
surge region are expected. The east-of-surge equatorward emis-
sions and local morning emissions later in the substorm have been
interpreted as resulting from the precipitation of electrons acceler-

ated at substorm onset that undergo eastward gradient and curvature
drift along lines of approximately constant L value [Craven and
Frank, 1985; Anderson et al., 1998; @stgaard et al., 1999a]. The
substorm underwent a second intensification at 0431 UT. CANO-
PUS magnetometer data (not shown) confirms the presence of two
distinct intensifications in this substorm. The brightest emissions
at all wavelengths are between 2200 and 2300 MLT and are as-
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sociated with discrete auroral structures clearly visible in the VIS
image. The substorm began to decay by 0440 UT with a reduction
in all emission intensities. The emissions continue until approxi-
mately 0530 UT.

Over the course of the substorm, the UVI LBHI and VIS 557.7
nm emissions are generally similar. This is to be expected, as the
LBHI emission intensity is proportional to the total precipitating
electron energy flux [Germany et al., 1994], and the 557.7 nm
brightness depends only weakly on electron energy [Rees et al.,
1988]. However, in the recovery phase after 0440 UT, the X-ray
and visible emissions differ substantially. The X-ray images are
brightest between 0000 and 0200 MLT, but the VIS and UVI im-
ages are almost uniformly bright between 1900 and 0200 MLT and
show no hint of this brighter region. Also, at 0505 UT, a bright
high energy X-ray emission region appears between 5 and 0800
MLT which remains visible until ~530 UT. This feature is outside
the FOV of UVI and VIS, but @stgaard et al. [1999a] showed that
it is usually not distinct in UVI images. Since the low and high
energy X-ray images are produced by electrons with energies >2.5
and >7.6 keV, respectively, the regions where the X-ray and UV
or visible emissions differ most significantly are regions of either
high (>10 keV) and low (<2.5 keV) energy electron precipitation.
These differences are analyzed in more detail in the following sec-
tions.

Precipitating Electron Energy Analysis

The multispectral capabilities of the individual Polar imagers en-
able detailed quantitative remote sensing of the precipitating elec-
tron spectrum. All three imagers can provide measurements of total
precipitating electron energy flux, and PIXIE and VIS are oper-
ated in modes which can assess mean electron energy. To convert
the images to electron energy flux, we assume UVI LBHI emis-
sions of 120 R erg ! cm? s [Germany et al., 1994] and VIS 391.4
nm albedo-corrected emissions of 400 R erg™! cm? s. The latter
quantity is determined from 427.8 nm emission simulations [Strick-
land et al., 1989] and by assuming a fixed ratio of 391.4 to 427.8
nm emissions of 3.5 [Rees et al., 1988]. The mean electron en-
ergy is extracted from the intensity ratio of the VIS 630.0 nm and
391.4 nm images as described by Strickland et al. [1989], who
assume a modified maxwellian form for their standard electron dis-
tribution for which the mean energy is approximately 1.7 times
the maxwellian characteristic energy when averaged over energies
from 0.1 to 100 keV. We cannot calculate average energy with UVI
data for this period because the instrument only acquired LBHI im-
ages.

To extract the electron energy spectrum from the observed PIXIE
X-rays, we find the single or double exponential electron energy
spectrum whose calculated bremsstrahlung spectrum best matches
the observed X-ray spectrum in 6 energy channels, using the tech-
nique described by @stgaard et al. [1999b]. A double exponential
electron spectrum generally produces a better fit to the wide energy
range (~3~-20 keV) of the observed X-rays. Anderson et al. [1998]
analyzed a narrower X-ray energy range by assuming a single ex-
ponential electron spectrum and found that the inferred energy flux
and mean energy agreed well with observed <30 keV electrons.

From the exponential fit we can calculate the total precipitating
electron energy flux for energies >3 keV (PIXIE is not sensitive
to X-rays produced by electrons with energy <2.5 keV) and mean
energy over the range 0.1 to 1000 keV. This reduction to a sin-
gle energy parameter tends to obscure the information contained in
the higher energy exponential which can contribute significantly to
ionization at lower altitudes (<120 km). Thus, to emphasize this
high energy precipitation, we also display the mean energy of this
second exponential where it is found in the PIXIE data.

In Figure 2, we compare the energy flux and mean energy mea-
surements from the images at 0440-0445 UT. The VIS and UVI
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Figure 2. Energy parameters extracted from the three im-

agers between 0440 and 0445 UT. a: Total energy flux as a

function of local time. b: Mean electron energy and high

energy tail e-folding energy as a function of local time.

parameters are the values of peak brightness in 0.5 hour local time
bins after a 750 km diameter spatial averaging. The PIXIE emis-
sions were averaged over 8 degrees of magnetic latitude centered
at 70° magnetic latitude (MLAT) and over 1 hour of MLT. Since
the peak X-ray emissions are approximately centered about 70°
MLAT, these spatial averaging methods are essentially equivalent.
Figure 2a shows the total precipitating electron energy flux mea-
sured by each of the three imagers as a function of MLT, while Fig-
ure 2b shows the mean energy calculated from the VIS and PIXIE
observations. The presence of the higher energy exponential, where
found from the PIXIE data, indicates the presence of a high energy
tail to the electron distribution. This high energy exponential con-
tains ~30% of the total precipitating electron energy flux detected
by PIXIE in the post-midnight region. The agreement between the
calculated energy fluxes is generally good, with a mean deviation
between the VIS and UVI measurements of total energy flux of
~25%, and a mean deviation between the PIXIE and VIS >3 keV
energy fluxes of ~40%. The mean deviation between the VIS and
PIXIE mean energies is ~50% at local times before 0400 MLT,
where the auroral oval was within the VIS field of view. Given the
known uncertainties in relating electron precipitation and auroral
emissions [Robinson and Vondrak, 1994], these measurements are
in acceptably good agreement. The observed X-ray counts result
in uncertainties in the derived parameters of ~30% near midnight
(where the counts are relatively high) and ~60% near dawn (where
the counts are lower). Uncertainties in the UVI data and analy-

_sis lead to standard deviations in the derived parameters of ~40%

[Germany et al., 1997]. We expect similar uncertainties in the VIS
energy flux and mean energy due to uncertain parameters in the
interpretive model [Strickland et al., 1989].

High Energy Precipitation

The origin of the high energy electrons seen by PIXIE is revealed
by an analysis of the substorm image sequence. Figure 1 shows
that there are two distinct recovery phase high energy X-ray emis-
sion regions. One region, between 0500 and 0800 MLT, contains
emissions that are strongest during 0447-0507 UT, which is 20-30
min after the strongest substorm intensification. This region has
been previously examined by @stgaard et al. [1999a; 1999b], who
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found from a number of substorms that this delay corresponded to
the expected drift times for >90 keV electrons originating at sub-
storm onset. The data presented here support this interpretation, as
100 keV electrons injected at the substorm intensification at 0430—
0435 UT and 2200-2300 MLT would drift approximately 4 hours
of local time in 10 min of real time [@stgaard et al., 1999a] and
thereby arrive at 0600~0700 MLT at the observed time of 0450 UT.
An answer to the related question of why these drifting electrons
are preferentially precipitating near 0600—0700 MLT has been sug-
gested in the context of wave-particle interactions [Jentsch, 1976].
The statistical observations of peaks near 0600 MLT in both 30 keV
to 2.5 MeV electron precipitation seen by NOAA-TIROS satellites
[Codrescu et al., 1997] and ELF wave power at geosynchronous al-
titude seen by GEOS 2 [Parrot and Gaye, 1994] support this view.

The newly revealed second region of high energy X-ray emis-
sions (and thus precipitation of high energy electrons) is between
0000 and 0200 MLT. While such emissions are expected at sub-
storm onset from the injection of energetic electrons, the images
from 0417 to 0457 UT (some of which are in Figure 1) show an X-
ray emission peak that persists through substorm recovery phase.
Energy analysis of the X-ray data show the presence of a ~100
keV population from 0417 to 0447 UT, with the energy dropping
to 12 keV by 0457 UT. For such an energetic population to last for
30 min in one location requires that the electrons be continuously
supplied at that local time due to their fast gradient and curvature
drift. This indicates that, for this substorm, the process responsible
for accelerating electrons in the magnetotail to ~100 keV energies
and sending them earthward operates on time scales approaching
30 min. Whether the morphology and duration of this high energy
precipitation is a common feature of substorms is a subject for fur-
ther study.

Conclusions

We have presented an analysis of simultaneous and global auro-
ral images of an isolated substorm at visible, UV, and X-ray wave-
lengths that reveals some new features of large scale auroral emis-
sions. The UV and visible emissions are generally similar, with
the brightest emissions coming from auroral surge structures in the
premidnight sector. The brightest expansion phase X-ray émissions
come from the same regions, reflecting the intense and energetic
precipitation known to the associated with auroral surges. As the
substorm reaches recovery phase, the morphologies of the X-ray
and visible/UV emissions diverge, with relatively more high en-
ergy X-rays emitted from the postmidnight sector primarily in two
regions: one near 0000 MLT and one near 0600 MLT.

The total precipitating electron energy flux and mean electron
energy calculated from the VIS, UVI, and PIXIE images are found
to be in acceptable agreement (within ~50%) in most regions. A
temporal and spatial analysis of the observed high energy precipi-
tation regions indicates that the precipitating high energy electrons
at 0500-0800 MLT were injected at the time and location of the
second substorm intensification and subsequently drifted, as has
been found in previous studies. However, there are also high en-
ergy electrons observed continuously at 0000-0200 MLT for ~30
min which persist into substorm recovery phase. For this substorm,
their timing indicates that they originate in the substorm electron
acceleration process, which must last for ~30 min in order to con-
tinuously supply ~100 keV precipitating electrons to this small lo-
cal time range. Whether this process is similar in other substorms
is a subject for further investigation.

These multispectral measurements highlight the fact that during
a substorm, the visible/UV and X-ray emissions can be quite differ-
ent and can be produced by precipitating electrons in significantly
different energy ranges. This suggests that a remote measurement
of the precipitating electron energy spectrum could be produced
from a combination of low energy (visible or UV) and high energy

CUMMER ET AL.: MULTISPECTRAL SUBSTORM IMAGING

(X-ray) emissions which may be more accurate than such a mea-
surement from an individual imager.
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