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[1] The IMAGE satellite carries three FUV imagers observing N2 LBH, O I 1356 Å, and
HI Lyman a emissions in the polar aurora. These simultaneous observations are used to
characterize the precipitating electron and proton energy fluxes. The proton energy flux is
derived from the Lyman a measurements on the basis of efficiency curves calculated with
a Monte Carlo simulation of the proton aurora. The resulting proton contribution to the
N2 LBH and O I 1356 Å emissions is calculated and subtracted to obtain the electron
contribution in the other two channels. These two quantities are used to determine the
precipitating electron average energy and energy flux. The proton and electron energy
fluxes are integrated over the hemisphere to obtain the rate of auroral energy dissipation
(hemispheric power) carried by the protons and electrons separately. The time
development of the proton and electron aurora during four winter time events is
examined. Although the onsets of the proton and electron aurora coincide in time and
space, the time of the peak of energy dissipation and the recovery time are often found to
differ. The fractional energy flux carried by the protons is highest during quiet periods
and reaches a minimum during the most active phase of the substorms. This result is in
agreement with the dependence of the fractional proton hemispheric power on magnetic
activity measured by NOAA 15. The hemispheric power deduced from the FUV images
is compared to the NOAA-deduced values and found to be in reasonable agreement.
Sources of uncertainties in the determination of the hemispheric power are discussed on
the basis of several sensitivity tests. In particular, it is found that the most critical factor is
the assumption made on the energy of the auroral protons if this energy is <25
keV. INDEX TERMS: 0358 Atmospheric Composition and Structure: Thermosphere—energy deposition;

0310 Atmospheric Composition and Structure: Airglow and aurora; 2716 Magnetospheric Physics: Energetic

particles, precipitating; 2788 Magnetospheric Physics: Storms and substorms; KEYWORDS: Substorm, proton,

electron, energy, IMAGE-FUV

1. Introduction

[2] The concept of the auroral substorm was first intro-
duced by Akasofu [1964] on the basis of sequences of
ground based auroral images obtained with all-sky cameras.
The availability of auroral images [Craven and Frank,
1985] with the Dynamics Explorer 1 auroral imager made
it possible to follow the onset and development of auroral
substorms from a global vantage point. Auroral precipita-
tion produces ionization which considerably enhances the
ionospheric Pedersen conductivity and produces Joule heat-
ing in the presence of an electric field. In addition, part of
the energy of the auroral particles is dissipated into local
heating through dissociation and exothermic chemical reac-

tions [Singh and Gérard, 1982]. As a consequence of the
time variation of the auroral energy injected into the polar
thermosphere, the amount of particle and Joule heating
significantly varies with time and in space. Based on a
statistical analysis of measurements carried by the Defense
Meteorological Satellite Program (DMSP), Hardy et al.
[1989] found that the auroral energy flux is mostly carried
by electrons which contribute 85% to 90% of the total input.
Ions, mainly protons, carry the rest of the energy.
[3] The total hemisphere power (HP) is a measure of the

instantaneous rate of auroral energy injection into the
atmosphere of one hemisphere. It has been deduced from
ground-based measurements and correlated with auroral
activity indices such as AE, AU and AL [Ahn et al.,
1983; Richmond et al., 1990; Lu et al., 1998]. With the
availability of ultraviolet images, HPs can be obtained by
integrating the auroral brightness observed in selected
spectral band provided that the relationship between the
instrumental count rate and the absolute incident flux of
auroral particles is well known.
[4] Lummerzheim et al. [1997] derived the time evolution

of the HP during a 10-hour period from observations carried
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with the Ultraviolet Imager (UVI) on board the POLAR
spacecraft. The values ranged from nearly 0 to 125 GW and
compared reasonably well with the NOAA-derived HPs.
The 5-minute resolution of the UVI data was shown to
provide a substantial improvement in the time resolution of
HPs. However, the POLAR UVI instrument is not able to
discriminate between proton and electron-induced LBH
emissions. The derived HP can thus only be calculated
assuming that excitation is solely due to auroral electron
impact on N2. Østgaard et al. [2002] combined observa-
tions of the UVI and the X-ray Imaging Experiment (PIXIE)
to derive the total energy dissipation for 4 days in 1997,
with a 5-minute resolution. They found that during sub-
storms, the energy dissipation is linearly related to the
square root of the AE and AL indices.
[5] On the basis of a statistical study of DMSP satellite

particle measurements, Hardy et al. [1989] observed a
fractional contribution of protons to the total hemispheric
power of 14.5% for Kp = 1, dropping to 10% for Kp = 3.
This study needed extrapolation of the proton spectra for
energies above 30 keV. Hardy et al. [1989] used a maxwel-
lian distribution for this extrapolation, leading to a possible
underestimate of the proton flux and fraction. Nevertheless,
this suggests an activity dependence of the proton fraction
which will be investigated in this work.
[6] The Total Energy Detectors (TED) on board the

NOAA-TIROS satellites provide estimates of the HP for
both hemispheres. The satellites are on a circular quasi-
polar orbit near 850 km. The TEDs integrate the precipitated
energy flux measured separately for electrons and protons
from 50 eV to 20 keV. The estimate is based on a
comparison between the latitude weighted integration of
the energy flux measured along the satellite track of a
NOAA-TIROS spacecraft and climatology maps of the
energy flux obtained from the NOAA database. The maps
are based on 10 levels of hemispheric power roughly
corresponding to Kp indices from 0 to 5+. The magnitude
of the precipitating energy flux measured along the NOAA
orbit is matched to one of the 10 to estimate the total
hemispheric power [Fuller-Rowell and Evans, 1987]. This
methodology assumes that the auroral particle energy influ-
xes follow the characteristic patterns given by the climatol-
ogy maps. This assumption is not valid during dynamic
times (substorms, for example) when there are strong
magnetic local time gradients in the energy influx and
estimates of hemispheric power during such times may
not be accurate. In spite of these limitations, the NOAA
HP is frequently used in studies of the solar-terrestrial
events and can be used as an input parameter to the TIGCM
NCAR model by Roble et al. [1988].
[7] A further breakthrough has recently been achieved

with the FUV experiment onboard the Imager for Magneto-
pause-to-Aurora Global Exploration) (IMAGE) satellite
[Burch et al., 2001] that provides simultaneous images of
the electron and proton aurora. The IMAGE-FUV images
thus allow to distinguish the proton and electron auroral
activities at a global scale.
[8] In this study, we separately derive the hemispheric

power associated with auroral protons and electrons, using
the data from the Spectrographic Imager (SI12 and SI13)
and the Wideband Imaging Camera (WIC) instruments
onboard the IMAGE satellite. Section 2 presents the

IMAGE-FUV imagers and the method used to calculate
the proton and electron hemispheric powers. Section 3
describes four substorm case studies and results concerning
the relative importance of the proton precipitation. To assess
the importance of sources of uncertainties, a substorm
observed on December 25, 2000 has been processed under
different assumptions. Section 4 describes the sensitivity of
the deduced hemispheric power to the atmospheric compo-
sition, the assumed proton average energy and the viewing
geometry. The last section discusses some of the findings
concerning the relative importance of protons and presents
NOAA-TIROS measurements confirming the decrease of
the fraction of energy carried by protons during active
periods.

2. Calculation of the Hemispheric Power

[9] We first briefly review the set of FUV instruments
and the model used to calculate the dependence of the
emission efficiency on the energy of the auroral particles.
We then describe the methodology used to derive the time
series of hemispheric powers.

2.1. IMAGE-FUV Imagers

[10] The IMAGE satellite is in an eccentric orbit with a
1000-km perigee and �7 Earth radii apogee. The FUV
experiment consists of three imagers working simultane-
ously at different wavelengths [Mende et al., 2000a, 2000b].
The Wideband Imaging Camera (WIC) remotely senses the
atmospheric and auroral emission in the 1400–1800 Å
domain, where the bulk of the N2 LBH bands is emitted.
The Spectrographic Imager (SI) has two channels operating
at 1356 Å (SI13) and 1218 Å (SI12) respectively. The
Spectrographic Imager at 1356 Å (SI13) obtains images in
the 1300–1400 Å wavelength interval (FWHM = 50 Å). As
the atmospheric O2 absorption varies in these wavelength
intervals, the ratio of the WIC and SI13 measurements is
sensitive to the depth at which the precipitating particles
cause some excitation, and is thus sensitive to the average
energy of the particles. Consequently the simultaneous
measurements of these two instruments can be used to
estimate the electron average energy and energy flux. The
SI13 passband is shown in Figure 1, together with the WIC
passband and the laboratory spectrum of the N2 LBH
emission by Ajello and Shemansky [1985]. As auroral
electrons collide with the main constituents, N2 molecules
can be excited or dissociated into two nitrogen atoms,
usually excited as well. These excited nitrogen atoms will
also emit photons, some of them falling inside the WIC or
SI13 bandpass.
[11] The SI12 instrument provides global imaging of the

proton aurora for the first time. Its response function was
described in detail by Mende et al. [2000b]. Gérard et al.
[2001] showed that the SI12 observations are in good
quantitative agreement with the values predicted from
DMSP and FAST in-situ proton measurements. The instru-
ment efficiently rejects the geocoronal Ly a emission and
only Doppler shifted Ly a photons are detected. These
photons are solely due to precipitating protons that capture
an electron in an inelastic collision with the ambient gas
particles [Vallance-Jones, 1974; Rees, 1989]. The hydrogen
atom formed in this process can be excited in the H(2s) state
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and relax by emitting a Ly a photon which is Doppler
shifted according to the relative velocity between the emit-
ting particle and the spacecraft.
[12] The three instruments simultaneously obtain images

of the planet once every two minutes as the IMAGE satellite
spins [Frey et al., 2001]. The correction for satellite spin is
made using the Time Delay Integration (TDI) technique.
This instrumental setup gives an unprecedented time reso-
lution. The signal integration time is �10 seconds for the
WIC camera, and �5 seconds for both SI’s. With these
exposure times, the sensitivities at the transmission peaks of
the instruments are 714 AD units/kR (Analog Digital Unit)
for WIC, 14.9 counts/kR for SI13 and 24.8 counts/kR for
SI12 [Gladstone et al., 2000].
[13] The WIC camera has a �17� field of view and

produces 256 � 256 pixel images, giving a �52 km
resolution from apogee. The instrument point spread func-
tion (PSF) FWHM is estimated at �3.5 pixels. The SI13
and SI12 cameras generate 128 � 128 pixel images with a
�16� and 17� FOV respectively, so that, from distance of
�7 Earth radii, a pixel projects to a square of �97 � 97
(�103 � 103) km2 respectively. The PSF FWHM’s are �2
pixels for SI12 and �1.5 pixel for SI13.
[14] Several works did compare the IMAGE-FUV data

with simultaneous in-situ particle flux measurements. As
already pointed out, Gérard et al. [2001] compared the
FAST and DMSP ion flux measurements with the SI12
images. The IMAGE-FUV data were also compared with
the ion and electron measurements of the FAST [Frey et al.,
2001] and NOAA [Coumans et al., 2002] satellites. All
these studies gave a satisfactory agreement between the
IMAGE-FUV observations and the in-situ particles meas-
urements. We now describe how the IMAGE-FUV data are
combined to study the aurora and its energy characteristics.

2.2. Auroral Precipitation Derived From IMAGE-FUV

2.2.1. Electron aurora
[15] The Wideband Imaging Camera (WIC) and the

Spectrographic Imager at 1356 Å (SI13) are used to
determine the mean energy and the total flux of the

precipitating electrons. Since two different quantities are
measured, two other quantities can be deduced, based on
assumptions for the other parameters. Theoretical efficiency
curves as a function of average electron energy and view
angle have thus been calculated for the O I 1356 Å and LBH
emissions as well as the associated WIC and SI13 count
rates. We use the GLOW model [Solomon et al., 1988]
updated and extended in energy range [Solomon, 2001] for a
unit incident Maxwellian electron flux [Hubert et al., 2001].
The integration along the line of sight was calculated
assuming the spatial distribution of the volume emission
rate were spherically symmetric. This assumption avoids the
necessity for a full 3-D treatment, which would require
prohibitively high computational cost. The assumption is
valid as long as the tangent height is below �5600 km
(geocentric altitude, i.e. counted from Earth center), that is
for angles with the local zenith at an altitude of 120 km
(counted from Earth surface) less than�60�. A typical MSIS
[Hedin, 1991] atmosphere profile was adopted. The MSIS
parameters are for December 24, 1630 UT, a latitude of 65�,
a longitude of 0�, solar maximum conditions with F10.7A =
216, F10.7 = 205, and a geomagnetic index Ap of 6.
[16] As the two instruments operate at different wave-

lengths, the effect of O2 absorption is different for the two
imagers, and thus the WIC and SI13 signals are dependent
upon the average electron energy which controls the altitude
profile of photon emission. The average electron energy
may thus be estimated from the ratio of the WIC to SI13
measurements. Figure 2a shows the WIC and SI13 effi-
ciency curves as a function of the electron energy for a
vertical viewing. Figure 2b shows the ratio of these curves

Figure 1. Response functions of the WIC (dotted line) and
SI13 imagers (dashed line) and laboratory N2 LBH
spectrum [Ajello and Shemansky, 1985] (solid line). The
position of the 1356 A doublet is also indicated (dash-dot
line).

Figure 2. Panel a shows the WIC efficiency (solid line)
and the SI13 efficiency multiplied by 20 (dotted line),
expressed in counts/pixel per exposure versus the electron
average energy. The ratio of the WIC to SI13 efficiencies is
shown in panel b. The initial electron energy distribution is
assumed to be Maxwellian.
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which monotonically increases with the electron energy,
reflecting both the change of the differential optical thick-
ness and the variation of the atmospheric composition with
altitude.
[17] The general procedure for combining the WIC and

SI13 simultaneous observations of the same location may be
summarized in the following simple operations:
(1) map the SI13 128�128 pixel image into a WIC 256 �

256 pixel space;
(2) compute the WIC/SI13 ratio from the observations

and deduce the electron average energy for each pixel using
the curve in Figure 2b;
(3) use the most sensitive instrument (i.e. WIC)

measurement and its efficiency value at the calculated
average energy to determine the energy flux for each pixel.
The efficiency curves appropriate to the actual viewing
angle are used.
2.2.2. Proton aurora
[18] The viewing geometry influences the proton auroral

observations in two different ways. A slant line of sight has
a longer path into the atmosphere than a vertical line of sight
leading to an increased brightness associated with non-
vertical observations. Additionally, the Doppler-shifted
wavelength of the Ly a photons depends of the angle
between the line of sight and the velocity vector of the
emitting particle. Therefore, for a given precipitating proton
flux, the line shape and wavelength of the line peak depend
on the viewing angle and thus the fraction of the emitted
photons getting inside the passband is a function of the
viewing geometry. The proton average energy will also
modify the line shape and the emission rate vertical profile,
both in its peak altitude and column emission rate, owing to
the cross sections energy dependence of the proton (and
hydrogen) collision processes with the atmospheric constit-
uents. Observation of the proton aurora with SI12 is thus
more complex [Gérard et al., 2001]. A Monte Carlo model
[Gérard et al., 2000] was used to derive efficiency curves
giving the line brightness and SI12 count rate as a function
of the view angle and proton average energy. We assume
that the protons have a kappa distribution with a k index of
3.5 [Hubert et al., 2001]. The line of sight integration is
computed assuming the spatial distribution of the auroral
emission is spherically symmetric. The analysis of each
SI12 image is based on these efficiencies and thus requires
an assumption of the proton’s characteristic energy. We use
Hardy et al. [1991] empirical model that gives the average
energy and the energy flux of the protons as a function of
the Kp index and the magnetic latitude and local time.
[19] Proton precipitation not only produces hydrogen

emission, but also a direct excitation of atmospheric com-
ponents and ionization of the ambient thermospheric gas.
The produced electrons will impinge upon the neutral gas
particles, generating additional excitation and ionization,
similar to an electron aurora. The direct excitation of the
LBH and NI lines and O I 1356 Å, and the ionization rate,
(i.e. the secondary electron production rate) of the proton
aurora are calculated by the Monte Carlo model as well. The
ionization rate is used as an input in the electron aurora
model. Efficiency curves depending on the proton average
energy are thus obtained for the LBH and O I 1356 Å
emissions as well as the associated WIC and SI13 count
rates (with viewing geometry dependence) associated with

the proton aurora. This procedure allows for a subtraction of
the proton induced signal in the WIC and SI13 count rates,
so that the electron contribution can be calculated: the
proton average energy comes from the empirical model of
Hardy et al. [1991] (see preceding paragraph), and the
proton energy flux is determined using the SI12 image
and efficiency. The calculated WIC and SI13 efficiency
curves specific of the proton precipitation (including its
secondary electrons) are then used to obtain the contribution
to be subtracted from the WIC and SI13 images in order to
isolate the electron contribution. This procedure is applied
to each pixel of the images.

2.3. Auroral Hemispheric Power

[20] The method described before has been applied to the
entire auroral region of each image used in this study. We
selected winter time observations to minimize the dayglow
contribution in the auroral zone. After the local energy flux
is determined (for both protons and electrons) in each pixel,
the HP is obtained by multiplying this flux by the area of
each pixel and summing over all regions of auroral emis-
sion. The area of each pixel is calculated from the pointing
information of the spacecraft. The procedure is summarized
in Figure 3 and is applied to each set of three images
obtained every 2 minutes. Some of these steps depend on
factors such as the determination of the proton mean energy,
the approximation on horizontal homogeneity and the
neutral thermospheric composition. The influence of these
factors upon the final results will be discussed in section 4.

3. Substorm Case Studies

[21] We present four selected substorms which occurred
on November 27, December 9 and 25, 2000 and January 30,
2001, observed in the north hemisphere. We will also briefly
describe the solar wind context of the events as measured by
the Advanced Composition Explorer (ACE) satellite. We
first focus on the December 25 event, a set of two substorms
following a very quiet period.

3.1. December 25, 2000

[22] On December 25, around 1145 UT, the ACE satellite
located at the L1 Lagrange point �1.51 � 106 km from the

Figure 3. Methodology used to derive the hemispheric
power for electron and proton from a set of WIC, SI12 and
SI13 images (see text).
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Earth, measured a sudden increase in the solar wind density
from �10 cm�3 at 1145 to a maximum value of �40 cm�3

at 1210 UT (Figure 4).
[23] The solar wind bulk velocity was �360 km s�1 at

1200 UT. As shown in Figure 4, the interplanetary magnetic
field magnitude (IMF) remained rather stable at �12 nT
until �1150 when it abruptly dropped, reaching a value of
�5 nT at �1150. The Bz component displayed a rapid pulse
from �8 nT to +0.5 nT, before dropping to �7 nT between
1140 and 1145, when it turned positive at 1150. Bz
remained positive or nearly zero until �1200 UT when it
turned negative again. The By component encountered large
variations between �10 and �1 nT, but remained negative
until �1205 UT, when it changed sign. The time variation
of Bx and By are also shown in Figure 4. At a velocity of
355 km s�1 typical for this event, the distance between the
ACE satellite and the Earth is traveled in �70 minutes. An
auroral response to the solar wind variations is therefore
expected at approximately 1300 UT. Figure 5 shows three
images measured by the WIC, SI13 and SI12 instruments at

1256, 1302 and 1324 UTwith the onset clearly appearing in
all three imagers at 1302 UT.
[24] Figure 6 presents the hemispheric power calculated

using the IMAGE-FUV measurements between 1300 and
1600 UT following the procedure described in section 2.3.
The WIC and SI13 images show a visually determined
substorm onset at 1300 in the premidnight sector of the
oval, consistent with the ACE satellite measurements.
This disturbance followed a very quiet 12-hour period
with Ap < 4 and AE and AL below 20 nT for more than
24 hours. During the substorm, the Kp index reached 3,
with AE and AL up to �500 nT at 1320 UT. Dst was
quiet with its largest value of �13 nT between 1500 and

Figure 4. Solar wind characteristics measured by the ACE
satellite on December 25, 2000 during the period of FUV
observations.

Figure 5. Three consecutive sets of WIC, SI13 and SI12
images observed by FUV-IMAGE at 1256, 1302 and 1324
UT, December 25, 2000.
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1600 UT. The proton auroral images from SI12 also
exhibit an onset at the same location at 1302 UT. As
the temporal resolution is �2 minutes, both onsets must
be considered as simultaneous. The hemispheric power
(HP) may be slightly underestimated before 1320 UT due
to incomplete viewing of the dusk sector of the auroral
oval, especially in the SI fields of view. The total HP
during the very quiet period before 1300 UT is about 2
GW, less than the lowest value of 5 GW previously
observed with POLAR-UVI by Brittnacher et al. [1997].
[25] The proton HP reaches a maximum value of 5.6 GW

at 1320 UT, while the electron HP reaches a maximum of
�40 GW at 1326 UT. The proton HP thus reaches its
maximum significantly before the electron HP. Note that
the solar wind characteristics measured 70 minutes earlier
(i.e. around 1215 UT) by ACE show a maximum density
value (actually reached at 1210 UT) with an IMF Bz
component changing sign several times in a few minutes,
a positive By and a nearly 0, but decreasing, Bx. After a
drop in auroral activity, a second onset took place at 1410
UT in the midnight sector, as observed by the WIC and SI13
imagers. Simultaneously, a proton onset is observed by the
SI12 imager at the same location. The solar wind perturba-
tion responsible for that activity surge passed the ACE
satellite around �1300 UT, corresponding to a change of
Bz sign from negative to positive values, By varying around
0 and a negative Bx. The plasma density reached a
maximum value, however less pronounced than the 1210

UT peak. As seen by the FUV cameras, this second active
period reaches its maximal HP around 1510 UT for the
electrons, and �1455 UT for the protons. However, the
proton HP was slowly varying, and an accurate estimate of
the difference between the proton and electron peak times
can hardly be determined. During the time interval between
the onset and the first substorm peak, the electron hemi-
spheric input increased faster than the proton one.
[26] Figure 6a also presents the hemispheric power

deduced from the TED set of instruments on board the
NOAA-TIROS satellites. Data collected by NOAA 12, 14,
15 and 16 were available during this period. The method to
calculate the NOAA hemispheric power is sensitive to the
orbit configuration, i.e. to the manner the satellite crosses
the auroral oval. A correction factor is thus routinely
determined to account for a possibly unfavorable config-
uration. A factor close to 1 characterizes an optimal sit-
uation. Other values indicate the magnitude of the
correction needed. In the present study, we strictly con-
strained the NOAA HP values by using only conservative
corrective factors ranging between 0.7 and 1.3. The NOAA
HP estimates clearly missed the first HP maximum between
1300 UT and 1340 UT, as the NOAA orbit configuration
was not optimal at that time. The second part of the event,
from 1340 UT to 1600 UT is detected by the NOAA
satellites. The NOAA HP values are generally consistent
with our FUV values, despite the large scatter affecting the
NOAA HPs. However, the peak of the first substorm is
missed by NOAA 15 at 1320 UT, because that satellite was
sampling the 0200–1300 magnetic local time (MLT) sector,
and by NOAA 14 at 1330 UT because that satellite sampled
the 0500 through noon to 1500 MLT sector. Thus both
satellites missed the location of the core of the substorm
onset at 1320. Figure 6b presents the relative contribution of
protons and electrons to the total hemispheric power. The
proton fraction rapidly decreases from over 20% to �10%
after the first onset. It then slowly increases approximately
linearly with time until the end of the substorm. Integrating
the proton and electron HPs versus time during the full
event from �1300 UT to �1610 UT, we deduce that the
protons contributed an average 17% to the auroral energy
input during this time period.

3.2. November 27, 2000

[27] On November 27, 2000, a substorm onset (visually
determined) was observed with the WIC and SI13 instru-
ments at �0355 UT in the premidnight sector. The proton
onset appeared in the premidnight sector as well, at exactly
the same location as the electron onset, 2 minutes after the
electron onset. The proton activity spread into the post
midnight sector while the electron activity developed in
the premidnight sector. Figure 7a shows that the hemi-
spheric power rose from �30 GW to a peak value of
�120 GW. It subsequently dropped down to �20–30 GW.
The FUV HPs are maximum at �0417 UT for the protons
and �0430 for the electrons. During the time interval
around the peak HP value, the protons contributed �10%
to the total HP.
[28] A second onset was measured by the three IMAGE-

FUV instruments at �0725 UT at 00 MLT. Concerning the
electrons, the substorm expansion extended both duskward
and dawnward, while the proton activity predominantly

Figure 6. Hemispheric power for December 25, 2000
(panel a). The dotted line is for electrons, the dashed line for
protons, and the solid line is the total HP. The IMAGE
satellite was observing the North Pole. NOAA-derived HPs
are represented by diamonds (North Pole passes) and stars
(South Pole passes). Panel b: relative contributions of
electrons and protons to HP.
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extended dawnward with a less significant duskward exten-
sion. The derived total HP reached a value larger than 150
GW during this substorm. The maximum proton and
electron HPs occurred simultaneously at 0840 UT. The
Kp index reached a maximum value of 6 during this event
and the Dst was less than �64 nT. The provisional AE
index was �1150 nT at 0800 UT.
[29] The fractional contribution of the protons and elec-

trons are shown in Figure 7b. During the time period from
0300 UT to 1000 UT, the time-integrated proton contribu-
tion to the auroral energy input was �19%. The hemi-
spheric powers derived from the NOAA measurements
present a reasonable agreement with our calculated HPs
(Figure 7a). The significant underestimate of HP by NOAA
14 at 0800 UT was because that satellite had sampled the
dayside auroral zone between 1500 through noon to 0500
MLT and missed the core of the substorm.
[30] This auroral event was related to solar wind varia-

tions detected by the ACE satellite: the solar wind bulk
velocity varied between 560 and 640 km s�1 between 0200
and 1000 UT (Figure 8). Considering a 600 km s�1 bulk
velocity, the time needed to travel the distance between the
ACE satellite and the Earth is �42 minutes. We thus focus
on the solar wind characteristics around �0315 UT. The
solar wind density increased from 10 cm�3 at � 0306 UT to
25 cm�3 at 0315 UT and 34 cm�3 at 0329 UT. Bz decreased
from �0 nT at 0306 to ��15 nT at 0320. In parallel, both
Bx and By increased from negative to positive values. The

total IMF globally decreased between 0306 and 0329 UT.
These solar wind characteristics are consistent with a sub-
storm starting around �0355 UT. The second onset is
associated with solar wind conditions measured by the
ACE satellite around 0645. Later, the solar wind density
remained variable between 20 and 30 cm�3 until it suddenly
jumped to high values of �45–55 cm�3 and stayed stable
between 0755 and 0810 UT. This solar wind pulse presum-
ably reached the Earth at 0830 UT, i.e. a period of very high
auroral activity when the HP reached �190 GW.

3.3. December 9, 2000

[31] The substorm onset was detected simultaneously by
WIC, SI13 and SI12 in the pre-midnight sector at 0527 UT.
Kp was moderate (4) and the Dst index was less than �24
nT during the event. AE remained low (less than 250 nT).
The calculated hemispheric power for this event is shown in
Figure 9a. As seen in Figure 9b, the relative proton
contribution varied during the event and reached a mini-
mum value of 10 – 12% near 0550 UT. The mean proton
fractional energy input of this event is estimated at �19.

Figure 7. Hemispheric power (panel a) in the northern
hemisphere on November 27, 2000. The dotted lines is for
electrons, the dashed line for protons, and the solid line is
the total HP. NOAA-derived HPs are represented by
diamonds (North Pole passes) and stars (South Pole passes).
Panel b: relative contributions of electrons and protons to
HP.

Figure 8. Solar wind characteristics measured by the ACE
satellite on November 27, 2000.
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The calculated proton HP did reach its maximal value about
5 minutes later than the electron one. The solar wind
velocity measured by the ACE satellite averaged �645
km s�1 during this period, so that the ACE measurements
related with this auroral event were made at �0447 and
later. At this time, the solar wind density measured by the
ACE satellite was low, between 3 and 5 cm�3. On the basis
of a simple temporal analysis, no obvious variation of the
solar wind characteristics can unambiguously be identified
as responsible for triggering the substorm which occurred
some 40 minutes later.

3.4. January 30, 2001

[32] We now analyze a less active period from January
30, 2001. Figure 10a presents the calculated proton and
electron hemispheric powers. The Kp index was moderate
(3) and Dst was very quiet (less than �6 nT). The NOAA-
derived HPs poorly match the IMAGE-FUV values during
the quiet periods, and are in fair agreement with FUV values
during the active period extending from �0400 UT to
�0600 UT. Once again, the proton contribution to the
IMAGE-derived HP reached its maximum and started
decreasing a short time (�4 minutes) before the electron
component. Figure 10b presents the relative contribution of
proton and electrons for this event. During the entire period,
the calculated proton HP contributed �30% to the total.
However, protons contributed only �15% during the most
active period of this substorm.

[33] Both electron and proton onsets took place at 0358UT
in the postmidnight sector. The solar wind bulk velocity was
�450 km s�1, reaching the Earth in �56 minutes. Around
0300 UT, the ACE satellite measured a stable solar wind
density varying between 5 and 6 cm�3. Only Bz changed sign
at 0254 UT, rapidly varying from ��4 nT to �+1 nT, and
rotated several times during the following 15 minutes.

4. Sensitivity of FUV-Derived Hemispheric Power

[34] We now examine the effect of possible sources of
uncertainties in the derivation of the HP from IMAGE-FUV.
The first one is the perturbation of the atmospheric compo-
sition that may not be properly accounted for by the MSIS
model. A second one is the characteristic energy of the local
proton precipitation.

4.1. Effect of the Atmospheric Composition

[35] The atmospheric composition is modified by the
precipitation of energetic particles in the auroral region.
Heating due to the energy deposition by the precipitated
electrons and protons disturbs the turbopause dynamics,
producing upwellings of gas material from a region richer in
N2 and poorer in atomic oxygen. Consequently, the N2/O
ratio may be perturbed by large-scale transport and local
auroral energy input as observed by Hecht et al. [2000].
Moreover, the detailed photochemical processes controling
nitric oxide which partly regulates the thermal structure

Figure 9. Hemispheric power (panel a) in the northern
hemisphere on December 9, 2000. The dotted line is for
electrons, the dashed line for protons, and the solid line is
the total HP. NOAA-derived HPs are represented by
diamonds (North Pole passes) and stars (South Pole passes).
Panel b: relative contributions of electrons and protons to
HP.

Figure 10. Hemispheric power (panel a) for the northern
hemisphere on January 30, 2001. The dotted lines is for
electrons, the dashed lines for protons, and the solid line is
the total HP. NOAA-derived HPs are represented by
diamonds (North Pole passes) and stars (South Pole passes).
Panel b: relative contributions of electrons and protons to
HP.
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[Kockarts, 1980] has a very long timescale. Consequently, a
complete modeling should account for the history of the
auroral activity during several days before the studied
events including horizontal transport, and is thus not fea-
sible in this context. We first investigate the effect of an
auroral O-depleted atmosphere. Efficiency curves were
calculated for the electron excitation of the N2 LBH and
O I 1356-Å emission assuming that the atomic oxygen
density profile is 50% of the standard MSIS values. We
assume that the temperature profile is not disturbed, so that
the N2 and O2 density profiles are still given by the MSIS
model. The proton efficiency was left unchanged because
this change of composition was tested to have a negligible
effect (less than 5%) on the auroral Ly a emission. This is
because the emitting species are the recombined precipitating
protons and not the ambient gas particles and the charge
exchange cross section with protons are not largely different
for O, O2 and N2. Figure 11a shows the calculated HP for the
December 25, 2000 case assuming a decrease of the oxygen
profile by a factor of 2 similar to the observation of Hecht et
al. [2000] in active auroras. This curve may be compared to
Figure 6a calculated with the standard MSIS model. The
proton contribution is unchanged as it is derived from the
same photon production efficiency curve in both calcula-
tions. The electron HP is less by �8% at the first peak near
1325 UT and by �10% at the second peak near 1510 UT.
Figure 11b shows that the relative contribution of the protons

and electrons is also affected: the calculated contribution of
the protons integrated over the full event is 18% in the
perturbed case, compared to 17% in Figure 6b. A similar
result was obtained when doubling the O2 and N2 density
profiles, keeping the O density profile given by the MSIS
model. Therefore, although no standard reference is available
to gauge the different results, it appears that the atmospheric
composition disturbance is not a major source of uncertainty
in the derivation of the auroral HP from FUV images.
However, the composition can have larger local effects.

4.2. Effect of the Assumed Proton Average Energy

[36] The proton energy controls the efficiency value
relating the precipitated proton energy flux and the SI12
instrumental count rate. As explained before, an assumption
has to be made since three simultaneous FUV measure-
ments (WIC, SI13 and SI12 counts) are available while four
quantities (the electron average energy and energy flux and
the proton average energy and energy flux) must be
determined. The sensitivity of the calculated HP to the
assumed proton average energy was tested. We determined
the HP associated with six bright consecutive images of
December 25, 2000 between 1450 and 1500 UT, i.e. at the
time of the peak of the HP, to maximize the signal-to-noise
ratio. Figure 12a presents the average HP of the selected six
images as a function of the assumed proton average energy.
The total HP is insensitive to the proton power above
�25 keV. The calculated proton power is minimum around
3 keV. The relative proton contribution (Figure 12b) is also
minimum at �3 keV, and increases at higher energy.
Typical average proton energies given by the Hardy et al.
[1991] model range between �0 and 15 keV at Kp = 3,

Figure 11. Panel a: hemispheric power on December 25,
2000 calculated assuming an atomic oxygen-depleted
atmosphere ([O]/2). Dotted line is for electrons, dashed
line for protons, and the light solid line of panel a is the total
HP. The total HP of Figure 6a is reproduced here for
comparison (thick solid line). Panel b: relative contributions
of electrons and protons to HP. This figure can be compared
with Figure 6.

Figure 12. Dependence of the calculated hemispheric
power on the assumed mean proton energy calculated for a
set of 6 consecutive FUV images on December 25, 2000
event (see text). The solid line represents the total HP. The
dotted lines (dashed lines) refer to electrons (protons,
respectively) HP (first panel) and fraction (second panel).
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depending on latitude and magnetic local time. This sensi-
tivity of the proton HP to the assumed proton energy leaves
some uncertainty on the proton relative contribution to the
hemispheric power. However, the total HP uncertainty due
to this factor is on the order of ±15%.
[37] The effect of neglecting the proton component and

consider that only electrons carry the precipitated auroral
energy, using only the WIC and SI13 data to calculate the
HP was tested for the December 25 case (Figure 13a). It
leads to an estimated HP �5% to �25% larger than the
standard procedure which considers protons separately. This
overestimate is comparable to the uncertainty associated
with the proton average energy hypothesis, although it can
be somewhat larger. Figure 13a also shows the time
variation of the total HP calculated assuming a constant
proton energy of 8 keV for all auroral pixels. The difference
with the standard processing is no more than 5%. Figure
13b shows the sensitivity of the relative proton energy flux
to the proton energy hypothesis. The assumption of 8 keV
protons results in a very small decrease in the calculated
proton flux during quiet periods and increases up to about
20% during the active periods.

4.3. Assumption on the Symmetry of the
Emitting Layer

[38] The instrumental count rates are converted into
energy flux units assuming the emission rate has no hori-

zontal gradient, and is thus spherically symmetric. Another
frequently used assumption considers all pixels as if they
were observed at the nadir of the instrument. In this case,
a measured auroral imager count rate translates into a
larger energy flux than if the view angle is accounted for.
We examine the uncertainty due to this hypothesis by
setting the view angle to 0� (vertical viewing) for all pixels
in the December 25, 2000 test case. The difference
between the two methods amounts to 12% at the peak
of the first substorm and 17% at 1509 UT.

5. Discussion and Conclusions

[39] In this study, we described a method for deriving
separately the proton and electron auroral hemispheric
power (HP) based on FUV remote sensing of the aurora,
using the three IMAGE-FUV instruments (namely WIC, SI-
13 and SI-12). The calculated HP compares well with the
values based on the NOAA satellite measurements, despite
the scatter of those values in some cases. In the four events
we considered, the proton and electron onsets were detected
simultaneously at the same location and were generally well
related to changes in the solar wind characteristics measured
by the ACE satellite. The potential effect of neutral compo-
sition perturbations due to auroral heating and dynamical
effects was tested and found to have limited influence on the
total HP and on the proton relative contribution. The
assumption on the proton average energy was shown to
affect the calculated total HP by �15% at most. This
uncertainty is comparable to or less than the error made
by neglecting the proton precipitation.
[40] FUV-derived time series of the total hemispheric

power are generally in good agreement with the NOAA
values when the NOAA orbital configuration is favorable.
The FUV instrument offer two important advantages. First,
the 2-minute time resolution of the FUV is considerably
better than the NOAA method which is limited by the orbital
period (90 minutes) and the number of available operational
spacecraft. This is of special importance during rapid rises of
the hemispheric energy input which may not be properly
captured by the NOAA data set because, during those times,
there is a breakdown in the underlying assumptions in the
NOAA approach to computing HP. For example, the time of
the substorm onset is only loosely defined from the NOAA
data as evidenced in Figures 6, 7, 9 and 10. Second, the set of
FUV instruments make it possible to separate the electron
and the proton components of the energy injection. Although
the characteristic energy of the precipitated protons cannot
be determined directly from the FUV observations, reason-
able assumptions can be made based on statistical models of
auroral proton precipitation.
[41] The relative fraction of the energy input carried by the

protons is time dependent and shows significant variation in
the course of a substorm. Quiet periods correspond the
largest relative proton contribution. As the substorm devel-
ops and expands, the proton input increases considerably
less than the electron component. Consequently, the frac-
tional proton contribution is minimum during the substorm
most active phase. Mende et al. [2001] showed the example
of a substorm where the total electron precipitation suddenly
increased one whole order of magnitude, while the protons
increase only about 50%. The intensification of the precip-

Figure 13. Sensitivity of the calculated hemispheric
power for December 25, 2000 to the assumed proton
energy. Panel (a) presents the total HP calculated using the
standard method (solid line), assuming that all energy flux is
carried by electrons (dashed line), and using a fixed (8 keV)
proton energy approximation for the entire auroral region
(dotted line). Panel (b) shows the relative contribution of
protons (same symbols).
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itating electrons was relatively short-lived (�10 minutes)
while the ENA enhancements, which are mostly indicative
of the enhanced trapped particle population, are as long as an
hour. Out of 6 substorm events analyzed in this study, 4
showed the proton peak HP occurring 4 to 15 minutes before
the electron HP maximum. This point requires a more
thorough analysis based on a larger statistical basis.
[42] In order to compare this result with the statistical

contribution of protons to the HP, we analyzed the variation
with magnetic activity of the NOAA hemispheric power due
to electrons only in comparison with the total HP for
electrons and protons. Figure 14 shows the dependence

versus Kp of the electron HP, the total HP considering both
protons and electrons and the fractional contribution of
protons to the hemispheric power. Although this fraction
shows a wide range of values for a given Kp, the average
fraction clearly shows a decreasing trend from 22% at Kp =
0 to 9% at Kp greater than 3. These mean values must be
considered as lower limits since only energies less than 20
keV are measured with the TED instrument on board the
NOAA-TIROS satellites, with a high energy sensitivity
limit of 20 keV. These values must therefore be considered
as lower limits. Although never observed globally before,
the decrease in the relative proton energy input as the

Figure 14. Variation of the auroral hemispheric power in the northern hemisphere as a function of Kp
derived from NOAA 15 for year 2000. Top: contribution of electrons only; center: contribution of
electrons and protons; bottom: fractional contribution of protons (see text). The thin line shows the
statistical distribution function of each quantity for each Kp value, the diamonds are the mean values and
the vertical error bars give the 1-s uncertainty affecting the mean estimation.

HUBERT ET AL.: AURORAL ENERGY INPUT FROM IMAGE-FUV SMP 15 - 11



substorm develops, that is reported here, is thus consistent
with these statistical results.
[43] In the study by Hardy et al. [1989], the statistical

ordering of the DMSP data in terms of 3-hourly Kp indices
considerably smoothed the instantaneous value of the elec-
tron and proton energy inputs as shown from the compar-
ison of our HP values with the statistically averaged energy
inputs from DMSP. This is clearly evident from Figure 13 of
Hardy et al. [1989] whose values are about two times less
than our peak values for an equal Kp index. The smaller
fraction of proton input during quiet auroral periods derived
from the DMSP model compared to FUV may similarly be
a consequence of the averaging process in the Hardy et al.
[1989] model.
[44] The DMSP database also indicates that the fraction

of energy carried by protons strongly depends on MLT with
values as large as 44% at 1800 MLT for Kp = 2. Future
FUV analysis will concentrate on the distribution of the
precipitated power in terms of magnetic latitude and local
time and interplanetary magnetic field intensity and orien-
tation.
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