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Electron and proton aurora observed spectroscopically in the
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[1] The only way to get a global, instantaneous picture of the energetic particle input over
the auroral oval is through spectral imaging. The major driver of auroral emissions in the
high-latitude ionosphere is overall electron precipitation. However, for certain locations and
times, such as the equatorial edge of the evening auroral oval, proton precipitation can be the
major energy source and thus the primary contributor to auroral emissions. Using kinetic
transport models to describe the transport of energetic particles in the atmosphere, we
analyze UV spectra from the STP78-1 satellite mission during magnetically disturbed
conditions (Kp = 6) in the evening sector of the auroral oval. We discuss the contribution of
protons and electrons to the auroral emissions. The energy flux of the incident protons is
inferred from the H Lyman o emissions, after removing the H geocoronal background
induced by solar radiation. Both the mean energy and energy flux of electron precipitation
are inferred from non-H emissions (N II 108.5 nm, N, 135.4 nm, and O I 135.6 nm), after
removing the contribution of proton precipitation. From the latitudinal distribution of the
incident energy flux the location of the electron and proton aurorae is discussed. The
estimation of the particle characteristics allows one to infer the Pedersen and Hall electrical
conductances induced by particle precipitation. For the studied substorm period, energetic
protons contribute significantly to the Pedersen conductance, ~25—-30% overall of the total
particle-induced conductances and much more at the equatorward edge of the midnight
aurora. Because protons and electrons do not interact in the same way with the atmosphere,
our study shows that while analyzing auroral spectra and studying the state of the
ionosphere, it is crucial to separate electron and proton components of the precipitation. The

method described to disentangle the relative contribution of precipitating electrons and
protons may be applicable to the UV data of the upcoming TIMED and DMSP

missions.

INDEX TERMS: 2407 Ionosphere: Auroral ionosphere (2704); 2455 Ionosphere: Particle

precipitation; 2431 Ionosphere: lonosphere/magnetosphere interactions (2736); KEYWORDS: proton aurora,
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1. Introduction

[2] Energetic electrons and protons precipitating from the
magnetosphere are a major energy source in the high-latitude
regions inducing significant ionospheric and thermospheric
perturbations [e.g., Rees, 1989]. Aurora is the optical man-
ifestation of the interaction of these energetic particles with
atmospheric neutrals. Spectral characteristics of auroral
emissions can be used to remotely sense the particle charac-
teristics for estimation of the subsequent atmospheric
response or for tracking magnetospheric processes.
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[3] Imaging auroral emissions from space is the only way
to get a global snapshot of the particle energy over the high-
latitude regions. Polar/UltraViolet Imager (UVI) and Polar/
Visible Imaging System (VIS) images were used to retrieve
the electron characteristics over the auroral ovals from N,
Lyman-Birge-Hopfield (LBH) brightnesses [e.g., Germany
et al., 1997; Lummerzheim et al., 1997] and from the visible
O 1 630.0 nm and N," first negative brightnesses [e.g.,
Frank et al., 1995], respectively. The mean energy of the
incident electrons is retrieved from the brightness ratio in
two different wavelength regions while the incident energy
flux from the total brightness in a given spectral window.
Such information over the entire auroral oval is crucial for
estimating the overall energy budget during a magnetic
cloud event [Lu et al., 1998] or for studying the magneto-
spheric source regions of auroral precipitation and field-
aligned currents during a substorm [Lu et al., 2000]. Over-
all, most of the energy is carried by electrons. However, for
certain regions of the auroral oval, such as the equatorward
part of the evening sector, protons are a major energy source
[Hardy et al., 1989], that is, a significant ionization [ Galand
et al., 2001] and excitation [Lummerzheim et al., 2001]
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source. Because they do not deposit their energy in the same
way as electrons [Galand et al., 1999], it is necessary to
treat the proton component separately.

[4] H emissions are a unique signature of proton precip-
itation. They result from excited H atoms inside the proton
beam. In the region where precipitating particles deposit
their energy (100—-300 km altitude), the ambient H atom
density is too low to produce a significant amount of auroral
emissions from excitation by energetic particle precipita-
tion. Since the hydrogen atoms retain the energy of the
protons on charge exchange, the emissions of excited H
atoms are Doppler broadened and shifted. The ground-
based discovery of these emissions was the first evidence
of the presence of proton precipitation in high latitudes
[Vegard, 1948]. Further observations of proton aurora
Balmer lines (H,, Hg) were undertaken from ground [e.g.,
Meinel, 1951; Eather, 1967; Wiens and Vallance-Jones,
1969; Vallance-Jones et al., 1982; Lorentzen et al., 1998;
Deehr and Lummerzheim, 2001; Lummerzheim and Gal-
and, 2001; Takahashi and Fukunishi, 2001, and references
therein]. Several rocket campaigns were dedicated to proton
aurora study [e.g., Romick and Sharp, 1967; Whalen et al.,
1967; Miller and Shepherd, 1969; Reasoner et al., 1968;
Soraas et al., 1974]. The combination of in situ measure-
ments of energetic particles with rocket-based or coincident
ground-based photometric observations of H Balmer emis-
sions during these rocket campaigns provided some con-
straints on the proton aurora modeling.

[s] Satellite missions have also been major contributors
to the study of proton aurora through Far UltraViolet (FUV)
measurements of H Ly «, the strongest H emissions in
proton aurora [e.g., Ishimoto et al., 1989; Paresce et al.,
1983; Bertaux et al., 1984; Strickland et al., 2001, and
references therein]. Such an approach provides a unique
opportunity to observe large portions of the auroral oval, as
illustrated by the Polar Beacon Experiment and Auroral
Research (Polar BEAR) images of H Ly « [Strickland et al.,
2001]. Recently, Imager for Magnetopause to Aurora
Global Exploration (IMAGE) offered the first snapshots
of the entire proton auroral oval [Mende et al., 2001].
Spectral filtering is applied with a passband centered at a
Doppler-shifted Ly o wavelength to remove any emission
from the geocorona. A preliminary analysis of the Ly o data
along with auroral non-H emissions (induced by both
electron and proton precipitations) is presented by Frey et
al. [2001]. They compared FUV observations with modeled
brightnesses derived from Fast Auroral Snapshot (FAST)
particle data and found a good quantitative agreement
between both data sets.

[6] The first comprehensive analysis of FUV spectra of
combined electron/proton aurora was performed by Strick-
land et al. [2001] using Midcourse Space Experiment
(MSX)/ Ultraviolet and Visible Imaging and Spectrographic
Imaging (UVISI) limb observations for quiet magnetic con-
ditions. For the analysis the authors used the electron and
proton transport codes from Basu et al. [1993]. Assuming a
mean energy for both the incident electrons and protons, they
retrieved the particle energy fluxes from limb profiles for one
given scan through the aurora. They assumed a uniform
precipitation, which results in some limitations to the analysis
as viewing is across the aurora and as the spatial distribution
of the precipitation is not uniform.
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[7] In this paper we provide a comprehensive analysis of
near-nadir FUV spectra acquired by the STP78-1 satellite for
one poleward pass over the southern auroral oval during
active magnetic conditions. Unlike the Advanced Research
Global Observation Satellite (ARGOS)/ High Resolution
Airglow and Aurora Spectroscopy (HIRAAS) instrument
which obtains spectra no closer than 63° to nadir, the
STP78-1 satellite has provided FUV spectra, including H
Ly «, covering all viewing angles that reaches 30° to zenith
and nadir. Thus it offers a more suitable data set for inferring
the characteristics of both precipitating electrons and protons
from FUV emissions. H Ly o emission is used to retrieve the
incident proton energy flux. Both the mean energy and
energy flux of electron precipitation are inferred from non-
H emissions (N II 108.5 nm, N, 135.4 nm, and O T 135.6 nm),
after removing the contribution from proton precipitation. We
first present the data set and explain how the geocoronal
background is removed from the H Ly o spectra. We next
discuss auroral emission yields computed with combined
electron [Lummerzheim et al., 1989] and proton [Galand et
al., 1997] transport codes. Finally, we assess the character-
istics of the incident energetic electrons and protons, by
applying the modeling results to observed spectra. We
propose a validation of the approach by comparing the
simulated and measured spectra in the vicinity of H Ly 3
and O 1102.7 nm emissions. We discuss the latitudinal extent
of electron and proton aurora and estimate the Pedersen and
Hall conductances induced by particle precipitation.

2. Data Description
2.1. Overview of the Data

[8] The FUV spectrograph orbited the Earth aboard the
U.S. Air Force STP78-1 satellite. The 600-km altitude
circular orbit had an inclination of 97.9° and an orbital period
of 96 min. This orbit was Sun-synchronous along the noon-
midnight meridian, with a precession of 1° per day. The
satellite tumbled in its orbit with the spin axis parallel to
the axis of the orbital plane. The spectrograph was housed in
the spinning wheel of the spacecraft, pointed out 30° from the
orbital plane and sweeping out a cone as the satellite tumbled
in its orbit. The instrument’s line of sight was oriented 120°
from the spin axis. Figure 1 illustrates this viewing geometry.
The viewing angles ranged from ~30° to 150° relative to
the local zenith and were never closer than 30° to the Sun.
The intrinsic field of view of 7° x 9° in combination with the
telemetry rate and the cartwheeling motion of the spacecraft
(at a spin rate of 11 revolutions per minute) provided a
working field of view of 18° x 9°. The bandpass covered
the FUV range from 80 to 140 nm with a full width half
maximum (FWHM) of 0.8 = 0.1 nm according to laboratory
measurements. The value of 0.8 nm was confirmed by the
analysis of the geocoronal H Ly « observed when the
instrument was pointed downward in the midlatitude night-
side region. The spectrograph was calibrated in the laboratory
before flight and was found to have a sensitivity of 0.07 count
s~ ' R™" at 80 nm, dropping slowly to ~0.01 counts ' R™" at
140 nm [Chakrabarti et al., 1983]. The uncertainty in
calibration was 20% at wavelengths shorter than 120 nm
and reached 50% at 140 nm. Each electronic wavelength bin
was ~0.5 nm wide. A complete description of the instrument
is given by Bowyer et al. [1981].
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Figure 1. Schematic showing the cone swept out by the
field of view of the spectrograph on the STP78-1 satellite.
The satellite orbital motion is normal to the plane of the
figure. This configuration assures the spectrograph will not
look closer than 30° to the Sun.

[o] All data presented here were grouped in 15-s bins,
corresponding to a latitude spacing of 1°. The spectra
selected were associated with zenith angle in the 145°—
150° range. Two look directions were obtained while
scanning toward and then away from the nadir during each
revolution. For a given zenith angle during one revolution
each look direction corresponds to a different region of the
atmosphere. Of the two look directions obtained per revo-
lution of the payload, the backward one was selected for
analysis.

[10] Figure 2 presents a typical spectrum acquired within
the dark auroral oval during active magnetic conditions on
22 March 1979, at 11.15 UT (Kp = 6"). The emissions used
to retrieve the energetic electron and proton characteristics
have been selected from three criteria. First, we looked
among the most intense auroral emissions. Second, we
disregarded the emissions that undergo strong multiple
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scattering below 600 km, such as O I 130.4 nm, O 1 98.9
nm, N I 120.0 nm, and N I 113.4 nm [Meier et al., 1982;
Meier, 1991]. Third, we selected the emissions for the
analysis. H emissions are a unique signature of proton
precipitation. We selected H Ly « (121.6 nm) and H Ly 3
(102.6 nm). The former is used for estimating proton
characteristics, the latter (along with the nearby O I
102.7 nm), for validation of the analysis. H Ly o and H
Ly B emissions produced within a proton aurora are, for
most part, Doppler-shifted and do not undergo resonant
scattering. The small component near the rest wavelength
is not significantly scattered below 600 km, the altitude of
the satellite, due to a low ambient H density (J. Bishop,
personal communication, 2000). For electrons we chose
non-H emissions whose ratio is a function of the mean
energy of the incident particles (see section 4). There are
N, LBH 1354 nm and O I 135.6 nm, which are not
spectrally resolved, and N II 108.5 nm. Even though O I
135.6-nm emission is enhanced by multiple scattering, it is
to a much less extent than the other two oxygen lines, O I
130.4 nm and O I 98.9 nm. Multiple scattering affects O I
135.6 nm, but it can be neglected for viewing directions
near nadir, which is the case here. The use of the selected
emissions for inferring the particle characteristics is
explained in section 4.

[11] We selected 22 March 1979, during which a moder-
ate magnetic storm occurred. The magnetic index Kp
reached 6~ from 0900 to 1200 UT and 7 from 1200 to
1800 UT. The solar F;g- index was 183. Preliminary
dayglow results associated with this day were presented
by Chakrabarti et al. [1983]. Figure 3 shows H Ly «
brightness over three orbits for that day. Data were inte-
grated between 118.5 and 125.2 nm. The shaded stripes
correspond to a solar zenith angle larger than 90°. The black
strip near 1445 UT is associated with a time period during
which no data were acquired. The H Ly « emission
intensities clearly exhibits two components. The smooth,
sinusoidal variation corresponds to the geocoronal back-
ground produced by resonant scattering of solar photons by
the ambient hydrogen atoms of the geocorona. This com-
ponent depends primarily on the solar zenith angle, with
emission maxima for minima in solar zenith angle. The
sharp peaks are signatures of proton aurora seen when the
spacecraft crosses the auroral oval (magnetic latitudes
within 55—75° range). There are strong signatures at night-
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Figure 2. FUV spectrum observed at a magnetic latitude of —63° by STP78-1.



SIA 14 -4

Wav.=[118.5-125.2 nm] — Zenith (145-150°)

GALAND ET AL.: ELECTRON AND PROTON AURORA

H Ly « Brightness (kR)

13 14 15
Universal Time (hour)

Figure 3. Spectra H Ly o brightness over three orbits of STP78-1 during 22 March 1979 is shown as a
function of universal time (UT). The shaded stripes correspond to a solar zenith angle larger than 90°.
The black strip at 1445 UT is associated with a time period during which no data were acquired. The
smooth, sinusoidal variation is produced by sunlight scattering in the geocorona. The sharp peaks (Al to
AB) correspond to the proton aurora. The Al region analyzed in this paper is delimited by the dotted box.

side (A1-A3, AS, A6, and A8 in Figure 3), and at dayside
(A4 and A7).

[12] For subsequent analysis we focus on the Al region,
delimited by the dotted box. It defines a section of the
auroral oval near local midnight over the Southern Hemi-
sphere, around 1100 UT, associated with Kp = 6. The time
period of Al coincides with a large magnetospheric sub-
storm studied by the Coordinated Data Analysis Workshop
(CDAW) [McPherron and Manka, 1985]. Preliminary char-
acteristics of the H Ly o observations have been described
by Paresce et al. [1983].

2.2. Removal of the Geocoronal Background

[13] Since geocoronal background is included in the
observed auroral H Ly « spectra, we have removed it in
order to retrieve the proton aurora component. Note that at
nightside the geocoronal component is not seen in the
measurements of H Ly (3, which thus does not need to be
processed.

[14] Figure 4 shows the total signal (solid line) over the A1
region (dotted box in Figure 3) in detector pixels correspond-
ing to successive wavelength bins in the vicinity of H Ly a.
The average magnitude of the geocoronal background (dot-
ted line) is estimated from values obtained by fitting the
observed brightness outside the “auroral zone” (delimited by
the vertical dashed lines) located between —46° and —79° in
magnetic latitude. The auroral zone is defined over a large
range of latitude to ensure that no proton aurora is present
outside this range. The smoothly varying geocoronal back-
ground is interpolated across the auroral zone. Note that the
enhancement within the auroral zone in the vicinity of 120.0
nm is primarily due to auroral contribution from N I 120.0
nm. In order to solely represent the H Ly « emission, three
spectral bins including a large contribution from N 1120.0 nm
are disregarded in the subsequent proton aurora fitting
process. The total signal and the inferred geocoronal back-
ground, integrated over 118.5—125.2 nm, are plotted in
Figure 5. Within the strong proton aurora located between
—57.5° and —67.0° magnetic latitudes (shaded box in Figure
5), the contribution from the geocoronal background is
between 14 and 32% of the observed H I brightness.

[15] Figure 6 presents spectral profiles in the neighbor-
hood of H Ly « for the time period corresponding to the
occurrence of the strong proton aurora (shaded box in

Figure 5). The total observed signal is represented with
diamonds and the estimated geocoronal background, with
crosses. The solid (total signal) and dotted (geocoronal
component) lines correspond to a fit to these points with a
Gaussian function and a quadratic background term. The
proton auroral emission (dashed line) is derived from the two
previous curves by subtraction. As expected, the geocoronal
profile associated with sunlight scattering is centered at H I
121.6 nm, whereas the auroral profile is Doppler shifted
toward the red (by 0.13 nm). This result confirms that the
auroral profile is produced by the energetic H atoms within
the proton aurora. As most of the emitting H atoms are
propagating toward the Earth, that is, away from the space-
craft, the Doppler profile is red shifted from the rest wave-
length at 121.6 nm. The total H Ly « brightness consists of
4-kR geocoronal background and 18-kR proton aurora.

3. Model Description

[16] For further analysis of the auroral spectra acquired
from STP78-1, we appeal to two kinetic models. The
transport of energetic protons in the atmosphere is described
by the proton transport code developed by Galand [1996],
which solves the steady state Boltzmann equations for
protons and H atoms coupled through charge-changing
reactions. This code has been successfully validated [Gal-
and et al., 1997] by comparison with rocket particle data
[Soraas et al., 1974] and by comparison with the model of
Basu et al. [1993]. The incident flux at the top of the
atmosphere is assumed to be purely protons and isotropic
over the downward hemisphere. Observations from sound-
ing rockets and from satellites support this pitch angle
distribution [e.g., Soraas et al., 1974; Urban, 1981]. The
incident proton flux is assumed to have a Maxwellian
distribution in energy. The mean energy of the Maxwellian
(equal to two times the characteristic energy) is varied from
5 to 40 keV, typical for auroral proton precipitation at
nightside [Hardy et al., 1989]. The total incident energy
flux integrated over pitch angle and energy, Oy, is chosen as
1 mW m %, providing normalized results. The incident
proton beam is assumed sufficiently broad (larger than
250 km) that beam spreading associated with the horizontal
diffusion of the hydrogen atoms can be neglected [Jasperse
and Basu, 1982]. Collisional angular redistribution is not
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Figure 4. Geocoronal component (dotted line) and total signal (solid line) shown for 10 wavelength
bins, each covering a ~0.5 nm band for the Al region (dotted box in Figure 3). The estimation of the
geocoronal background is based on a fit to the signal outside the auroral zone and on an interpolation
within the auroral zone defined as the region within the dashed vertical line.

included for simulating the proton transport, because it does
not have a significant effect on the integrated excitation
rates in the mean energy range considered here [Galand
et al., 1998].

[17] The second model we use is the electron transport
code developed by Lummerzheim et al. [1989]. It describes
the transport of the electron population. This population
includes incident energetic electrons precipitating into the
atmosphere and secondary electrons produced by
the interaction of energetic particles (¢~, H', or H) with
the atmosphere. It is a multistream code solving the steady
state Boltzmann equation for electrons. This model was
successfully validated by in situ particle measurements
[Lummerzheim et al., 1989] and by laboratory experiment
[Lummerzheim and Lilensten, 1994]. Precipitating elec-
trons are assumed to have a Maxwellian distribution in
energy with a low-energy tail. The mean energy of the
Maxwellian is varied from 0.2 to 20 keV. Similar to proton
precipitation, the incident electron energy flux is chosen as
1 mW m 2% The source function of the secondary elec-
trons produced inside the proton beam is an output of the
proton transport code and an input of the electron transport
code. A similar combination of these transport codes was
previously performed for the computation of the red line

(O I 630.0 nm) produced inside a proton beam [Lummerz-
heim et al., 2001].

[18] The neutral atmosphere (N,, O,, and O) adopted in
both kinetic models is specified by the Mass Spectrometer
and Incoherent Scatter model (MSIS-90) [Hedin, 1991], for
the location (high-latitude region), magnetic activity (Kp =06),
solar activity (F'o7 = 183), day (22 March 1979), and local
time (midnight) of the Al auroral peak (see Figure 3). No
field-aligned electric field or mirroring effect of the magnetic
field is considered. The dip angle is 90°. The collision cross
section set used for protons is from Basu et al. [1987] and
from Rees [1989] and for electrons, from Lummerzheim and
Lilensten [1994]. From the computed particle (e, H', and H)
fluxes, the neutral densities, and the excitation cross sections,
it is possible to determine the excitation rate induced by
particle impact on neutral species.

[19] The different prompt emissions selected for the anal-
ysis (as explained in section 2.1) are as follows: H Ly a, H Ly
0,01135.6 nm, O1102.7 nm, N II 108.5 nm, and N, LBH
135.4 nm. The lifetime of the excited state is very short. No
ionospheric model is required to derive the emission rate
from the excitation rate. The main source of H emissions is
the energetic H atoms produced by charge exchange inside
the proton beam. H emission Doppler profiles are computed
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Figure 5. Total (solid line) and inferred geocoronal
(dotted) brightnesses, integrated between 118.5 and 125.2
nm, as a function of universal time for the A1 region (dotted
box in Figure 3). The dashed vertical lines delimit the
auroral zone considered for estimating the geocoronal
component (cf. Figure 4). The shaded box defines a region
of strong proton aurora spreading over magnetic latitudes
from —67.0° to —57.5°. Within this region the contribution
from the geocoronal background is between 14 and 32% of
the observed HI brightness.

by the proton transport code alone. The non-H emissions are
usually produced by H'/H and electron impacts, which
requires the use of both transport models.

[20] H Ly « emission cross sections by impact on N, O,
and O by protons (capture) and H atoms (direct excitation) are
from Strickland et al. [1993]. H Ly (3 emission cross sections
are derived from the previous ones by applying the ratio of
oscillator strengths of H(n = 3) to H(n = 2), that is 0.0791/
0.4162. For O°S yielding O I 135.6 nm the excitation cross
section by H atom impact and electron impact on atomic
oxygen is taken from Edgar et al. [1975] and Zipf and
Erdman [1985], respectively. Dissociative excitation of O,
by electrons is also considered [4jello, 1971], but it is a less
significant process compared to the direct excitation of O.
The O°S? excitation rate by proton impact is not considered,
as it should be insignificant due to the nature of the transition
[Strickland et al., 1993]. The excited state O°D° yielding O I
102.7 nm is produced by electron impact on both atomic
oxygen [Vaughan and Doering, 1988] and molecular oxygen
[4jello and Franklin, 1985]. The former is the dominant
process. Production of O°D° by H atom impact is not
considered in the model due to the lack of cross-section data.
N II 108.5-nm emission is produced by electron impact on N,
through dissociative ionization. The excitation cross sections
are from Aarts and de Heer [1971]. No H' or H impact is
included in the model for this emission due to the lack of cross
section data. Finally, the emission cross section of N, LBH
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system originating from the excited state alﬂg is from Strick-
land et al. [1993] for H" and H impact and from Ajello and
Shemansky [1985] for electron impact. The branching ratio
for the vibrational transition leading to N, LBH 135.4 nm is
5.2% for electrons [Vallance-Jones, 1974]. We apply the
same value for protons and H atoms. This is a reasonable
assumption provided the vibrational levels of Nj(a) are
populated in a similar way by H and H" impact as by electron
impact (D. Strickland, personal communication, 2000).

[21] The computation of the emission yield (or vertical
column-integrated emission rate) requires one to take into
account the strong O, photoabsorption occurring through
dissociative excitation in the Schumann-Runge continuum
(130—180 nm). At shorter wavelengths, down to 100 nm,
the photoabsorption is still significant but highly variable
[Rees, 1989]. Photoabsorption cross sections by O, are
taken from Hudson [1971], Ogawa and Ogawa [1975],
and Holland et al. [1993]. The photoabsorption is ve
strong for H Ly 8 and O I 102.7 nm (3.0-3.5 10~'® cm?)
and for N, LBH 135.4 nm and O I 135.6 nm (7.1 10~ '3
cm?). The absorption is less intense for N II 108.5 nm
(2.2 10~ cm?). The photoabsorption cross section exhibits
a deep minimum (1.0 10~%° cm?) at the wavelength of H Ly
a. The Doppler profile of H Ly o spreads over a wavelength
range, which is associated with photoabsorption cross
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Figure 6. Spectral profiles, in the vicinity of HI 121.6 nm,
of the observed signal (solid line) and geocoronal back-
ground (dotted line) to the binned data, represented with
diamonds and crosses, respectively. The brightnesses have
been averaged over the strong proton aurora region (shaded
box in Figure 5). Note that the fitting process disregards the
three bins in the neighborhood of N I 120.0 nm. The dashed
line shows the contribution from the proton aurora derived
from the two other profiles. As expected, the geocoronal
profile is centered at the rest wavelength H I 121.6 nm
(vertical dotted line), whereas the proton aurora profile is
Doppler-shifted toward the red (vertical dashed line).
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Figure 7. (a) Modeled emission yields as a function of the
mean energy of the incident protons. The distribution in
energy is assumed to be a Maxwellian with a normalized
energy flux of | mW m™2. The satellite viewing direction
considered is 30° from nadir. (b) The same as the top panel,
but for electrons. Note that the distribution in energy for
electrons is a Maxwellian with a low-energy tail.

section values between 0.1 and 2.5 10~ cm? Overall, it
does not suffer significant absorption in the atmosphere.
[22] The modeled yields for the different emissions
selected in the analysis are plotted in Figure 7a for protons
and in Figure 7b for electrons. The viewing direction chosen
is that of the observations, that is, 30° from nadir. With near-
nadir viewing direction it is legitimate to assume that the
precipitation is uniform in space. Protons in the keV range
spend most of their energy in a narrow altitude region
[Strickland et al., 1993; Galand and Richmond, 2001],
which explains why the emission yields within a proton
aurora are not strongly dependent on the mean energy. H
emissions, unique to proton precipitation, have an emission
yield ratio which is slightly variable, due to the photo-
absorption of H Ly 3 by O,. As the incident proton mean
energy increases, the altitude z, (where most of the energy is
deposited) decreases. The integrated column O, density at
zo, and thus the photoabsorption, increase with increasing
particle mean energy. The dependence of photoabsorption
on mean energy is stronger for electron precipitation than
for proton precipitation. Unlike protons in the keV energy
range, electrons deposit their energy in an altitude region,
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which is very wide from the low £ region up to the low F'
region depending on their initial energy [Strickland et al.,
1993; Galand and Richmond, 2001]. As a result, the
emission yields produced by electrons of higher energies
suffer significantly larger absorption than those induced by
softer electrons. This result is clearly illustrated in Figure 7b
showing emission yields decreasing with increasing elec-
tron mean energy. The effect is less for N II 108.5 nm,
because the photoabsorption cross section is smaller. For
hard electron precipitation, emission yields are very sensi-
tive to the molecular oxygen density.

[23] The electrons produced within a proton aurora are
much less energetic than the secondary electrons produced by
electron precipitation. For incident protons of low mean
energy the produced electrons are too soft to efficiently
ionize. Rather, they spend their energy in excitation of the
ambient species and, for the softest, in electron heating.
Therefore it is not surprising that the emission yield for N
IT 108.5 nm (whose excited state is produced through
ionization) decreases with decreasing mean energy of the
incident protons. This decrease is significantly steeper com-
pared with the case of electron precipitation, as illustrated in
Figure 7.

[24] The emission yields presented in Figure 7 are in
good agreement with those proposed by Strickland et al.
[1993]. The only exception concerns the H emissions. The
values we obtain for H Ly « yield are a factor of 2 higher
than those derived in the other study. The discrepancy is
attributed to use of different values for the lower level in the
energy grid, 100 eV used here compared to 1 keV for
Strickland et al. [1993].

[25] The emission yields presented in Figure 7 cannot be
used as such for comparison with observations. The bright-
nesses of the different emissions (Doppler profile for H
emissions) need to be convolved with the instrumental
function, in our case a Gaussian function with a FWHM
of 0.8 nm. The result of the convolution is binned to the
detector spectral bin size of 0.5 nm. The derived spectra for
a mean energy of the incident flux of 8 keV for electrons
(dashed lines) and 30 keV for protons (dotted lines) are
presented in Figure 8. N II 108.5 nm is dominantly
produced within the electron aurora (Figure 8a), whereas
bins including H emissions are representative of the proton
aurora (Figures 8b and 8d). Note that in the presence of pure
electron precipitation, the 102—104 nm range is dominated
by O I 102.7 nm. Both electron and proton precipitations
contribute significantly to N, 135.4 nm and O I 135.6 nm
(Figure 8c). Given the same value for the electron and
proton energy fluxes, the percentage of contribution to the
N,-O I brightness, here 17% for electrons and 83% for
protons, varies with the incident energy of each particle
type, as shown in Figure 7.

4. Analysis of the Electron and Proton Auroral
Emissions

[26] On the basis of the modeling results shown in section
3, the analysis of the STP78-1 spectra presented in section 2
is performed in three steps. It consists of the derivation of
(1) the proton energy flux from H Ly « brightness; (2) the
electron mean energy from the brightness ratio of (N, 135.4
nm, O I 135.6 nm) to N II 108.5 nm; (3) the electron energy
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Figure 8. Modeled spectra for different emissions induced
by energetic protons (dotted lines) and electrons (dashed
lines) binned to the instrument resolution. These spectra
have been obtained after convolution of the modeled
emission yield (or Doppler profile, for H emissions) with
the instrumental function assumed to be triangular with a
FWHM of 0.8 nm. The satellite viewing direction
considered is 30° from nadir. The distribution in energy of
the incident particles is a Maxwellian with, for the electrons,
a low energy tail. The mean energies assumed for electrons
and for protons are 8 and 30 keV, respectively.

flux from N II 108.5-nm brightness. The validation of the
analysis is performed using H Ly 3 and O 1 102.7 nm.
Background level, estimated from nearby bins, has been
removed from the observed auroral spectra.

4.1. Proton Characteristics

[27] Assuming a distribution in energy and in angle for
the incident downward proton flux, it is possible to derive
both the mean energy and energy flux of the precipitating
protons [Lummerzheim and Galand, 2001]. The shape of
the Doppler-shifted red wing (blue from ground) is a
suitable indicator of the proton mean energy. The total
brightness retains information on the energy flux. However,
the resolution of the STP78-1 spectrograph is too low to
contemplate inferring the proton mean energy from the
spectra. Instead, we have fixed the proton mean energy
E” to 30 keV, which seems to be a realistic value for
nightside proton precipitation during magnetically disturbed
conditions (Kp = 6). The influence of this choice on the
derived particle characteristics is discussed in section 4.3.

[28] The observed brightness in the vicinity of H Ly «,
after removal of the geocoronal background (cf. section
2.2), is shown as solid lines in Figures 9a and 9b for two
different locations within the Al region. The modeled
spectra for H Ly « (derived as explained in section 3 and
for a mean energy of 30 keV) are plotted in dotted lines. The
simulated spectra have been matched to the observed

spectra after integration over four bins (121-123 nm).
The proton energy flux, which is proportional to the H Ly
« brightness, is inferred from this fit and is shown in Figure
9c. The fit is performed only when the observed total
brightness is larger than 2 kR, above the noise level. The
error bars added in Figure 9c include both the statistical and
the calibration uncertainties. The measurement uncertainty
yields an error in the proton energy flux of ~20% at the
central part of the proton aurora and up to 30% at the edges.

4.2. Electron Characteristics

[29] Figure 10a shows the observed brightness ratio of (N,
1354 nm, O I 135.6 nm) to N II 108.5 nm as a function of
magnetic latitude, after removing the contribution from
proton aurora. The brightness ratio is independent of the
particle energy flux, because auroral brightnesses are propor-
tional to this flux. N, 135.4-nm and O I 135.6-nm emission
yields are strongly dependent on the electron mean energy,
whereas N II 108.5-nm emission yield is fairly constant (see
Figure 7). As aresult, the brightness ratio of (N, 135.4 nm, O
1135.6 nm) to N II 108.5 nm depends on the electron mean
energy. A given value of this brightness ratio corresponds to a
given value of the electron mean energy, as illustrated in
Figure 10b. The stars represent modeled ratios derived from
spectra similar to those presented in Figure 8 and integrated
over the two spectral bins where the brightness is the
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Figure 9. (a and b) Spectra in the vicinity of H Ly « for

two different magnetic latitudes, (left) at —63.2° and (right)
at —67.0°. The observed spectra obtained after removal of
the geocoronal background are shown with solid lines. The
modeled spectra are shown as dotted lines. (c) Estimated
proton energy flux as a function of magnetic latitude. The
energy flux is inferred only where the observed H Ly « total
brightness - after removal of the geocoronal background - is
larger than 2 kR. The error bars are associated with the
uncertainties in the measured brightnesses and include both
statistical and calibration uncertainties. They represent the
standard variation (1 o).
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Figure 10.

(a) Observed brightness ratio of (N, 135.4 nm, O I 135.6 nm) to N II 108.5 nm as a function

of magnetic latitude, after removal of the proton contribution. (b) Modeled brightness ratio of (N, 135.4
nm, O I 135.6 nm) to 108.5 nm as a function of electron mean energy. The distribution in energy of the
incident electrons is assumed to be a Maxwellian with a low energy tail. The stars are results of several
simulations and the solid line is a fit to these points. (c) Estimated electron mean energy as a function of
magnetic latitude. The mean energy is inferred only where the observed N II 108.5 nm total brightness
(after removal of the proton contribution) is larger than 100 R. The error bars in (a—c) are associated with
the uncertainties in the measured brightnesses and include both statistical and calibration uncertainties.

They represent the standard variation (+1 o).

strongest. The solid line is a fit to these simulated points and
isused to retrieve the electron mean energy from the observed
ratios. Figure 10c shows the electron mean energy inferred
when the N II 108.5-nm brightness of the electron aurora is
larger than 100 R. The error bars in Figures 10a and 10c are
associated with the measurement uncertainties of the FUV
brightnesses. If we except the most equatorward analyzed
latitude in Figure 10a, the observed ratio is known within less
than 80%. This large uncertainty yields a poor estimation of
the electron mean energy, which has error bars between 50
and 100%. The variations seen in the electron mean energy
are not real; they can be clearly attributed to the uncertainty in
the measurements. The real electron mean energy variation
over the auroral oval cannot be resolved due to the large
uncertainties in the observations.

[30] Figure 11a shows the observed brightness N II 108.5
nm as a function of magnetic latitude, after removing the
proton aurora contributions. The uncertainty in the N II

108.5-nm brightnesses is of the order of 20%. The modeled
brightness is plotted as a function of the electron mean
energy in Figure 11b. The dependence on mean energy is
very weak, which minimizes error propagation from the
estimation of the electron mean energy to that of the energy
flux. The solid line in Figure 11b is a fit to the simulation
results (stars) and is used to estimate the electron energy
flux from the N II 108.5-nm brightness shown in Figure
11a. The electron energy flux, derived for N II 108.5-nm
brightness larger than 100 R, is plotted in Figure 11c. The
error bars associated with the measurements are of the order
of 20-30%, except for the most equatorward latitude for
which it reaches 70%. This large value can be explained by
a high electron mean energy poorly known.

4.3. Validation of the Analysis

[31] From the estimation of the particle characteristics it
is possible to infer the brightness of the different emissions
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(a) Observed N II 108.5-nm brightness as a function of magnetic latitude, after removal of

the proton contribution. (b) Modeled N II 108.5-nm brightness as a function of electron mean energy. The
distribution in energy of the incident electrons is assumed to be a Maxwellian with a low-energy tail. The
energy flux is normalized to 1 mW m 2. The stars are results of several simulations and the solid line is a
fit to these points. (c) Estimated electron energy flux as a function of magnetic latitude. The energy flux is
inferred only where the observed N II 108.5-nm total brightness (after removal of the proton contribution)
is larger than 100 R. The error bars in (a)—(c) are associated with the uncertainties in the measured
brightnesses. This includes both statistical and calibration uncertainties. They represent the standard

variation (£1 o).

selected in this study. Because H Ly «, N II 108.5 nm, N,
135.4 nm, and O I 135.6 nm were used in the analysis, the
agreement between observations (diamonds) and simulated
electron (dashed lines) and proton (dotted lines) aurorae is
very good, as illustrated in the top three panels in Figure 12.

[32] All the results presented in Figures 9, 10, and 11 are
sensitive to the choice of the proton mean energy £, With a
larger value for E}, the H Ly o profile extends toward longer
wavelengths. After convolution with the instrumental func-
tion, this leads to a larger shift of the peak [Galand et al.,
1998]. Opposite conclusion is observed for smaller EZ. The
behavior of the inferred proton energy flux Qf in energy is
opposite to that of the H Ly « emission yield illustrated in
Figure 7a. The OF increases with E.. If we consider a value
of 40 keV instead of the assumed 30 keV, the emission yield
is 25% smaller and the estimated proton energy flux is 25%
higher. With a proton energy of 15 keV the proton energy
flux is 40% smaller than that obtained for £, = 30 keV. This
error propagates in the estimation of the electron character-
istics. The proton contribution to the total 135.4—135.6 nm

brightness varies between ~15 and 100% from the polar
edge to the equator edge of the auroral oval (see Figure 12c).
The effect of £/, is much less on N II 108.5-nm brightness,
because the contribution of proton aurora to this emission is
negligible, as seen in Figure 12b. The ratio of (N, 135.4 nm,
O 1135.6 nm) to N II 108.5 nm, and thus the electron mean
energy, are affected by the choice of the proton mean
energy. For £/, increased from 30 to 40 keV, the brightness
ratio is 5% smaller (except for the lower ratio value at
—58.5° latitude with a peak at 65%). Over the whole
latitude range, E,, does not increase more than 12%. For
EP decreased from 30 to 15 keV, ES is 30% or less smaller.
The choice for E. has a less significant effect on the
electron mean energy compared to the measurement uncer-
tainties. The variations seen in the electron mean energy
distribution in magnetic latitude shown in Figure 10c are
mainly due to uncertainties in the observed brightnesses (cf.
section 4.2).

[33] The effect of E. on the electron energy flux is
expected to be much less than on the electron mean energy,
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Figure 12. Observed (diamond) and modeled electron-induced (dashed line) and proton-induced
(dotted line) brightnesses as a function of magnetic latitude for different auroral emissions: (a) H Ly «
produced only in proton aurora; (b) N II 108.5 nm; (¢) N, 135.4nmand O 1 135.6 nm; (d) HLy Band O 1
102.7 nm. The stars represent the modeled brightness from both electron and proton aurora.

because the proton contribution to the N II 108.5-nm
brightness is very small and this brightness is relatively
independent of the electron mean energy. Except for the
equatorward latitude, the variation in £/, from 30 up to 40
keV (down to 15 keV) modifies the electron energy flux by
less than 1% (4%). At the latitude of —58.5°, the variation is
larger, with 8% of changes for EJ, = 40 keV and 20% for
El =15 keV compared to an energy of 30 keV.

[34] With no access to simultaneous, colocated particle
data, we propose an indirect validation through the bright-
ness of H Ly 3 and O I 102.7 nm, not used in the analysis.
The spectra are integrated over the three bins (102.0—-103.5
nm) where the emission is the most intense (see Figure 8d).
As illustrated in Figure 12d, there is a reasonable agreement
between the observations (diamonds) and the simulated
emissions (stars) consisting of the sum of the electron
(dashed line) and proton (dotted line) aurorae. Most of the
discrepancy can be attributed to the uncertainty in the
measurements. The related error bars in 102.0-103.5 nm
brightnesses are ~25% in proton-induced aurora and about
100% in electron-induced aurora, reaching values larger
than 200% at the edges of the auroral oval. These significant
values can be paralleled with the poor estimation of the
electron mean energy, mainly a consequence of the signifi-

cant noise in the measurements. Additional sources of
uncertainty are the cross sections (20—50% when available),
the neutral densities (~30%) used in the model (MSIS-90),
and the deviation of the true proton mean energy from the
assumed 30-keV value (less than 10%).

4.4. Tonospheric Electrical Conductances

[35] The latitudinal extent of the particle precipitation is
illustrated in Figure 13a, which shows the estimated inci-
dent electron (dashed line) and proton (dotted line) energy
fluxes. The proton aurora is shifted 2° toward the equator
from the electron aurora. This result, valid in the midnight
sector, agrees with earlier studies based on particle measure-
ments [e.g., Hardy et al., 1989]. As a consequence, protons
are the particles which carry most of the energy at the
equatorward part of the evening auroral oval. In this region
they are the major contributor to Pedersen conductance and,
to a lesser extent, to Hall conductance, as shown in Figures
13b and 13c. This conclusion obtained from the analysis of
FUV spectra corroborates earlier modeling studies using
particle measurements as input [Galand et al., 2001]. For
the computation of the conductances we have used the
parameterization proposed by Robinson et al. [1987] for
electrons and by Galand and Richmond [2001] for protons.
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Figure 13. Estimated parameters derived from the analysis of STP78-1 FUV spectra for electron aurora
(dashed line) and for proton aurora (dotted line): (a) Particle energy flux (note that the dotted line shows
the proton energy flux multiplied by 10); (b) Pedersen conductance; (c) Hall conductance. The error bars
are associated with the uncertainties in the measured brightnesses. This includes both statistical and
calibration uncertainties. They represent the standard variation (£1 o).

[36] The shape of the proton-induced conductances (dot-
ted line in Figures 13b and 13c) follows relatively well the
energy flux distribution (dotted line in Figure 13a). The
proton mean energy is assumed to be constant over mag-
netic latitude. Note that even for a more realistic mean
energy distribution this conclusion would remain valid for
the Pedersen conductance, which is fairly independent of
the proton mean energy over the 2—40 keV range [Galand
and Richmond, 2001]. The error bars associated with the
measurements are very small for the proton-induced con-
ductances (less than 15% for Pedersen conductance and
about 10% for Hall conductance). Unlike protons, electron-
induced conductances (dashed line in Figures 13b and 13c¢)
do not follow the energy flux shape as closely. This is a
consequence of the strong dependence of electron-induced
conductances on mean energy [Robinson et al., 1987].
Large fluctuations in electron-induced conductances, such
as that observed at —66° magnetic latitude, are clearly
related to the measurement uncertainty. The error in elec-
tron-induced conductance calculations is relatively large (on
average, 50% for Pedersen conductance and 40% for Hall
conductance). This can be explained by the combination of
large uncertainties in the electron mean energy (conse-

quence of the noise in the data) and of a strong dependence
of the conductances in electron mean energy (in particular at
low energies). Note that the total particle-induced conduc-
tance can be obtained from /X2 + X2, where ¥, and ¥p are
the electron- and proton-induced conductances, respectively
[Galand and Richmond, 2001]. We find that overall, protons
represent 25-30% of the total particle-induced Pedersen
conductances.

5. Summary and Discussion

[37] Using a combined electron/proton transport kinetic
model, we have been able to derive the incident particle
characteristics (energy flux, mean energy) from the analysis
of near-nadir FUV spectra observed from space along a
poleward path over the southern auroral oval, during mag-
netically disturbed conditions (Kp = 6). The excess H Ly «
emission, after removing the geocoronal background, is
used to retrieve the incident proton energy flux. Both the
mean energy and energy flux of electron precipitation are
inferred from non-H emissions (N II 108.5 nm, N, 135.4
nm, and O I 135.6 nm), after removing the contribution
from proton precipitation. Such an approach offers the
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opportunity to retrieve both the electron and proton com-
ponents of the precipitation. This step is crucial, as electrons
and protons do not interact in the same way with the
atmosphere. Even though the quality of the results is limited
by the significant uncertainty in the brightness measure-
ments, the STP78-1 data set has offered us the opportunity
to illustrate our approach for inferring particle character-
istics from FUV observations. This method may be appli-
cable to upcoming Thermosphere-lonosphere-Mesosphere
Energetics Dynamics (TIMED)/ Global UltraViolet Imager
(GUVI) [Paxton et al., 1999] and Defense Meteorological
Satellite Program (DMSP)/Special Sensor Ultraviolet Spec-
trographic Imager (SSUSI) [Paxton et al., 2001] data. In
addition to the recent IMAGE satellite, the upcoming
TIMED and DMSP missions will provide new insights into
the morphology and temporal variability of the energetic
precipitating protons.

[38] From the latitudinal distribution of the incident
energy flux, the location of the electron and proton aurorae
is estimated. Corroborating earlier studies based on direct
particle measurements [e.g., Hardy et al., 1989], proton
aurora was found to be shifted of a few degrees equatorward
from the electron aurora in the evening sector. The estima-
tion of the particle characteristics allows one to infer the
Pedersen and Hall electrical conductances induced by
particle precipitation. For the studied substorm period,
energetic protons contribute significantly to the Pedersen
conductance, ~25-30% overall of the total particle-induced
conductances and much more at the equatorward edge of
the midnight aurora. Because protons and electrons do not
interact in the same way with the atmosphere, it is crucial to
separate electron and proton components of the precipita-
tion while analyzing auroral spectra and estimating the
ionospheric state.

[39] The characteristics of the incident particles are
derived under the assumption that the energy distribution
is a Maxwellian with, for the electrons, a low-energy tail.
Such an assumption is usually suitable for electrons [Strick-
land et al., 1993]. In situ particle measurements have shown
that protons have a high-energy tail [e.g., Basu et al., 2001,
and references therein]. With this additional flux at high
energies, more electrons will be produced and the emission
yield will be larger than the one obtained without consid-
ering the high-energy tail. Comprehensive studies of high-
energy particle measurements (above 20 keV) should be
undertaken for a better knowledge of the high energy tail
and a more suitable distribution used in models.

[40] The spectral resolution (~0.8 nm) of the STP78-1
FUV spectrometer was not sufficient to infer the proton
mean energy £/, - we have used a value of 30 keV. Because
the H Ly « emission yield is sensitive to EP such an
assumption introduces a large uncertainty on the proton
energy flux, as discussed in section 4.3. However, the effect
on the electron characteristics is less significant. The
derived electron mean energy changes less than 5% in most
of the auroral oval when the proton energy is assumed in
the 15—40 keV range. In the present study the uncertainty
in the measurements affects the results in a much larger
extent. It leads to a poor estimation of the electron mean
energy with an error between 50 and 100%. Additional
uncertainties are from the cross sections (20—50% when
measured) and from the neutral densities (~30%) used in
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the modeling. For H'/H, cross sections are very poorly
known for certain reactions, such as the elastic scattering
which is significant at low energies (below 1 keV). Exci-
tation or emission cross sections are even sometimes not
available, such as that for OI 102.7 nm. Owing to a lack of
measurements, N, LBH branching ratios are assumed to be
equal to the ones for electrons. Laboratory measurements
and in situ multi-instrument experiments are drastically
needed.

[41] High spectral resolution instruments to observe H
emission lines have been deployed from the ground [Chak-
rabarti et al., 2001; Robertson et al., 2001] and will be
extensively used for deriving more information on the
incident proton beam than simply the incident energy flux.
From space a rocket experiment with both high-resolution
spectrometers (<0.1 nm) and particle detectors will be the
most suitable way to estimate as well as improve our ability
to infer electron and proton characteristics from FUV
observations.
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