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[1] Substorms release a large amount of energy, some of which is used to energize the
precipitating particles in the polar region. Superposed epoch analysis was performed with
11 years of DMSP SSJ/4/5 data to characterize the substorm cycle of the diffuse,
monoenergetic, and broadband/wave precipitating electrons and precipitating ions.
Although substorms only increase the ion pressure by 30%, they increase the power of the
diffuse, monoenergetic, and wave electron aurora by 310%, 71%, and 170%, respectively.
Substorms energize the ion aurora mainly in the 21:00–05:00 magnetic local time (MLT)
sector. The dynamics of the diffuse electron aurora are different from those of the other two
electron aurorae. The expansion phase duration is approximately 15min for the
monoenergetic and wave electron aurorae, whereas it is 1 h for the diffuse electron aurora.
The monoenergetic and wave electron aurorae appear to complete the substorm cycle
within a 5 h interval, whereas the diffuse electron aurora takes more than 5 h. The diffuse
electron aurora power and energy flux start increasing at 15min before the substorm onset,
whereas those for the monoenergetic and wave electron aurorae start increasing at 1 h and
15min before the onset. The increase in the monoenergetic electron aurora power
and energy flux may result from the increase in the magnetotail stretching and region-1
field-aligned current during the growth phase. The monoenergetic electrons may also be
associated with fast flows, which have been previously observed more frequently in the
dusk-midnight sector.

Citation: Wing, S., M. Gkioulidou, J. R. Johnson, P. T. Newell, and C.-P. Wang (2013), Auroral particle precipitation
characterized by the substorm cycle, J. Geophys. Res. Space Physics, 118, 1022–1039, doi:10.1002/jgra.50160.

1. Introduction

[2] A substorm is an important and common process that
cycles through storing and releasing energy in the Earth’s
magnetosphere. Substorms occur in other planetary magneto-
spheres in our solar system and perhaps even in exoplanetary
magnetospheres [e.g., Mauk et al., 1997; Berthomier et al.,
2012]. There are generally three phases of a substorm: growth,
expansion, and recovery. The growth phase typically begins in
the quiescent period at the time of the southward turning of the
interplanetary magnetic field (IMF) [e.g., Tanskanen et al.,
2002] and ends at the onset of the expansion phase (commonly
referred to as the substorm onset). During the growth phase,
the auroral oval expands equatorward, the aurora and the elec-
trojet gradually intensify, the plasma sheet thins, and the
magnetospheric magnetic field lines stretch (become tail-like),

as the solar wind energy is stored in the magnetotail. The
expansion phase begins at the end of the growth phase. During
the expansion phase, the auroral oval brightens and expands
poleward, eastward, and westward, the westward electrojet
significantly increases, and the magnetic field configuration
in the inner plasma sheet changes rapidly from the stretched
tail-like configuration to a more dipolar configuration. The
expansion phase is followed by the recovery phase, during
which the magnetosphere returns back to its original undis-
turbed state. The start of the recovery phase is usually signaled
by the waning of the substorm aurora and weakening of
the westward electrojet. The recovery phase ends when the
magnetosphere reaches its normal undisturbed state. A
more detailed description of substorm phases can be found
in Lui [1991].
[3] Many space phenomena or parameters cycle with the

substorm cycle of growth-expansion-recovery phases. The
waxing-waning of the auroral oval, the stretching-unstretching
of the magnetotail, and loading-unloading of the magnetotail
energy mentioned above are just a few examples of such para-
meters. Auroral particle precipitation is an important parame-
ter because it provides a measure of magnetospheric energy
input into the ionosphere. It can be used to indicate a state of
the magnetosphere, and as such it should be affected by the
substorm cycle.
[4] Using ground magnetic field observations and indices

derived from these observations such as aurora electrojet
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indices, AL or AE, various studies estimated that the growth
phase takes approximately 30–60min, the expansion phase
approximately 10–60min, and the recovery phase approxi-
mately 30–120min [e.g., Bargatze et al., 1999; Horwitz,
1985; Pulkkinen et al., 1994; McPherron et al., 1986;
Huang et al., 2003; Baker et al., 1981]. Based on these esti-
mates for the growth, expansion, and recovery phases,
Huang et al. [2003] estimated that the complete substorm
cycle takes approximately 2–3 h. In comparison, Tanskanen
et al. [2002] reported that the average duration of the
substorm, from the beginning of the growth phase to the end
of the recovery phase, is approximately 4 h. They determined
the substorm from a proxy for westward electroject index
(AL), which is named IL index and which is derived from
IMAGE data [Kallio et al., 2000]. However, the substorm
cycle of the auroral particle precipitation is not as well known.
The substorm phase durations obtained from magnetospheric
particle or magnetic field observations have been found to
differ from those determined from the ground magnetic field
observations, AE, AL, or IL indices [e.g., Pulkkinen et al.,
1994; Baker et al., 1994].
[5] Wing et al. [2007] presented plasma sheet pressure,

temperature, and density 2D profiles for the substorm growth,
expansion, early recovery, and late recovery phases. Subse-
quently, Wing and Johnson [2009] presented 2D profiles of
specific entropy (s = p/ng), total entropy (S= p1/g V), and the
total content (N= nV) of the plasma sheet for the same
substorm phases, where p = plasma pressure, n = number
density, V=flux tube volume, and g =polytropic index. Both
studies used Defense Meteorological Satellite Program
(DMSP) observations to infer the plasma sheet properties.
Moreover, both studies used a substorm database in which
not only the onset time but also the start of the recovery phase
had been carefully identified. However, the database had only
180 substorm events and as a result, some regions, particularly
post-midnight, had poor data coverage.
[6] Recently, using an order of magnitude more substorm

events, 4861 events, Newell et al. [2010] performed a super-
posed epoch analysis of the substorm onset to obtain statistical
electron precipitation maps of wave, mono-energetic, and dif-
fuse aurora from 4 to 6min after substorm onset in 2min time
resolutions. These maps were obtained from DMSP SSJ/4/5
particle observations in the interval 1996–2007. These maps
are quite useful in providing the global pictures of the electron
precipitations minutes around the substorm onset, but they
do not show the dynamics for the entire substorm cycle.
Newell et al. [2010] also calculated the aurora power obtained
by integrating the nightside auroral electron and ion precipita-
tion from 18:00 to 06:00 magnetic local time (MLT) and from
50� to 90� magnetic latitude (MLat). These integrated auroral
powers were calculated from 2 h before to 2 h after substorm
onset at 2min resolution. Unfortunately, at 2min resolution,
the statistics limit interpretation of the results and it is difficult
to ascertain any trend within the substorm cycle because of
large fluctuations, except at the substorm onset, when the
values significantly increase. Moreover, the 2 h after onset
may not be enough time to cover the entire expansion and
recovery phases [e.g., Horwitz, 1985].
[7] The present study is an extension of the Wing et al.

[2007], Wing and Johnson [2009] and Newell et al. [2010]
studies. As in the Newell et al. [2010] study, the present
study examines the substorm cycles in the auroral electron

and ion precipitation, but on a larger time scale, covering
nearly the entire substorm cycle of the electron and ion
aurora. Also as in the Newell et al. [2010] study, the present
study distinguishes three types of electrons: diffuse, wave or
broadband, and monoenergetic.
[8] The diffuse aurora electrons are most likely field-aligned

plasma sheet electrons that precipitate in the ionosphere. The
electrons in the loss cone (the field-aligned electrons)
are replenished by the pitch angle scattering resulting from
electron interactions with the very low frequency (VLF)
whistler-mode chorus waves [e.g., Thorne, 2010; Reeves
et al., 2009; Summers et al., 1998]. When precipitating elec-
trons exhibit a broad energy spectrum, they are classified as
wave or broadband aurora electrons. These electrons may
result from the electron interaction with the dispersive Alfvén
waves [Chaston et al., 2002; 2003; 2008], which are often
observed around the time of substorm dipolarization [Lessard
et al., 2006]. The monoenergetic electrons, on the other hand,
may indicate the presence of the parallel electric field that
accelerates the electrons downward and may be associated
with the evolution of the global upward current system in
the plasma sheet. The monoenergetic electrons may also
result from the electron interaction with low frequency
Alfvén waves/ballooning modes that accelerate electrons
[e.g., Pritchett and Coroniti, 2010; Damiano and Johnson,
2012]. The present study examines the characteristics and
dynamics of these three types of electrons and ions through-
out the substorm cycle. This can help illuminate the
processes that form these electrons, the regions where they
operate, and the time scales at which these processes oper-
ate within the substorm cycle. Substorm-led magnetic field
dipolarization releases a large amount of energy, some of
which is used to energize particle precipitation. The present
study quantifies the energy gained by each type of electron
during substorms. The growth phase signatures in these
electrons, if there are any, should be of interest to space
weather studies that aim to predict substorm onsets.
[9] Finally, the Rice Convection Model (RCM) has

been used to simulate plasma transport in the magnetotail
[Toffoletto et al., 2003]. The present study simulates the
ion precipitation by using the RCM combined with a
Dungey force-balanced magnetic field solver and strong
diffusion. The simulation results are subsequently compared
with the DMSP observations.

2. DMSP Particle Data Set

[10] Data from the SSJ/4 electrostatic analyzers on the
DMSP series satellites (F12 through F15) and the SSJ/5 de-
tector on F16 were used. The time period covered is from
1996 to 2007, although there are no onsets identified in the
years 2003–2006. No DMSP F17 data were used because
of uncertainties about the data quality (and F15 was used
only for 2001).
[11] The DMSP satellites are in sun-synchronous, nearly

circular polar orbits at approximately 845 km altitude, with
orbital inclinations of 98.7�. The orbits of the DMSP satellites
are such that the least covered regions are post-noon and espe-
cially post-midnight, except at high magnetic latitudes. The
SSJ/4 and SSJ/5 instruments included on all these flights use
curved plate electrostatic analyzers to measure electrons and
ions with one complete spectrum each obtained per second.
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The satellites are three-axis stabilized, and the detector aper-
tures always point toward local zenith. At the latitudes of inter-
est in this paper, this means that only highly field-aligned
particles well within the atmospheric loss cone are observed.

3. The Substorm Database

[12] Most substorm studies determine the substorm onsets
from either ground magnetic field observations (or indices
derived from these observations) or from optical observa-
tions of aurora. The substorm onsets in the present study
were determined from the latter. As in Newell et al.
[2010], the present study combines two separate substorm
databases: (1) the Polar UVI substorm database [Liou
et al., 1997; 2001] and (2) the IMAGE substorm database
[Frey et al., 2004]. There are 4861substorm events in this
combined substorm data set. One difference between the
present study and the Newell et al. [2010] study is that
the present study explicitly selects only isolated substorms
that are separated by at least 5 h from other substorms in this
database. Of the 4861 substorm events in the original com-
bined data set, 1677 events, or about 34%, are isolated
substorms. Ideally, we would like to have more than 5 h of
separation between substorms, but this would further reduce
the size of the data set, which would negatively impact the
statistics of the analysis. It should be noted that our selection
of isolated substorms is based on observations from Polar
and IMAGE, but these satellites do not cover the auroral
oval continuously. Nonetheless, most of the selected sub-
storms should still be isolated. This is because in both the
Polar UVI and IMAGE substorm databases, only substorms
having clear substorm onset signatures were carefully
selected manually. This criterion favors isolated substorms,
although not necessarily those separated by more than 5 h.
[13] The Polar UVI database was constructed from the

observations of Lyman-Birge-Hopfield (LBH) bands of N2,
which are stimulated by atmospheric secondaries, and thus
responsive to primary precipitating electrons above a few
hundred electronvolts in energy (and ions as well, although
the energy flux of the latter is typically far smaller).
Although storms were not explicitly excluded, one typically
cannot identify a single substorm during a storm from
auroral imagery. The LBHL and LBHS filters were both
used to improve time resolution. More information on the
Polar UVI imager and substorm database can be found in
Liou et al. [1997; 2001].
[14] The IMAGE substorm database was constructed from

the IMAGE FUV Wideband Imaging Camera (140–180 nm)
observations [Frey et al., 2004]. The IMAGE FUV observa-
tions are similar to the Polar UVI observations, which
primarily respond to the N2 LBH lines. The selection criteria
were quite similar as well. Frey et al. [2004] excluded
substorms that occurred within 30min of a previous onset,
but in the present study, we broadened this criterion to
exclude onsets that occurred within 5 h of other substorms.

4. Methodology

[15] The algorithms and method of model construction
were recently described by Newell et al. [2009; 2010]. Here
only a brief version of the approach is outlined.

4.1. Electron Aurorae

[16] The precipitating electrons are classified into three
categories: diffuse, monoenergetic, and wave/broadband.
Our algorithm for classifying monoenergetic electrons is as
follows: (1) identifies the differential energy flux peak
and subsequently looks at the drops one and two energy
channels above and below the peak. If the differential energy
flux drops to 30% or less of the peak within these two steps
(at energies above and below the peak), then the event is
considered monoenergetic. (2) The differential energy flux
must be above 1.0� 108 (eV cm�2 s�1 sr�1 eV�1) at the
peak channel. (3) If either the average energy is below
80 eV or the differential energy flux peak is below 100 eV,
the spectrum is not considered “accelerated.” Such events
may be spacecraft charging (some low-acceleration poten-
tials are excluded by this rule).
[17] The algorithm for classifying wave or broadband

precipitation is that if three or more energy channels
have dJE/dE> 2.0� 108 (eV cm�2 s�1 sr�1 eV�1), an event
is considered broadband. There are some caveats, which
are listed in Newell et al. [2010] and are not repeated here.
[18] The electrons that are not classified as either broad-

band or monoenergetic are counted as diffuse. Hence, all
electrons are classified. It has been established that both ions
and electrons have a Kappa distribution in the magnetotail
[Christon et al., 1991; Wing and Newell, 1998; Kletzing
et al., 2003] and in diffuse precipitation. Although broadband
and monoenergetic spectra generally drop sharply above the
accelerating range, diffuse aurora may at times have a signifi-
cant fraction of its energy flux outside the DMSP detector
upper limit (30 keV). This is particularly true for ions, espe-
cially plasma sheet ions within 10–20 RE, where temperatures
can be 5–10 keV (recall the energy flux peaks at twice the
temperature) [Wing and Newell, 1998; 2002]. In order to take
into account the electrons having 30 keV< energy< 50 keV,
for simplicity, the diffuse spectra were thus extrapolated to
50 keV, with a Maxwellian fit. This upper limit is slightly
more than one additional energy channel beyond the measure-
ments. Fitting a Maxwellian distribution requires fewer free
parameters than a Kappa distribution and hence can be more
robust in the cases when there are a few data points within a
spectrum [e.g., Wing and Newell, 1998].

4.2. Ion Aurora

[19] Observationally, the signatures of the parallel electric
fields and waves are less clear on ions than on electrons. It is
harder to develop an automated algorithm to classify ions.
Hence, we make no attempt to classify ions for the present
study. The ion aurora is constructed using every spectrum,
regardless of how the electron component is classified. Like
the diffuse electron, ion spectra are extrapolated from the
measured limit of 30 keV up to 50 keV, under the assump-
tion that the spectra is Maxwellian, with a temperature equal
to half the differential energy flux peak.

4.3. Model Construction

[20] The model resolution here is 48 MLT bins by 40 MLat
bins in 15min time steps. The analysis begins 2 h before onset
and extends to 3 h after. The MLat range is 50�–90�, with data
from the two hemispheres combined. Thus, although the iden-
tification of a substorm onset is nearly all from the northern
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hemisphere global images, the particle precipitationmaps con-
tain roughly equal amounts of northern and southern hemi-
spheric data. For example, a data point in the bin for 4 h after
onset can also be counted in the bin for 1 h before onset.
[21] The procedure consists of analyzing every DMSP

spectrum in the interval 1996–2007 and classifying the
precipitation as either monoenergetic, broadband, or diffuse
aurora as described in Newell et al. [2009; 2010], and
the resulting comprehensive list of classified spectra is
examined. Then the time of each spectral observation at 1 s
resolution is compared with the list of substorm onsets. If
the particle observation time is within 2 h before onset and
3 h after onset, it is added to the appropriate bin (determined
from MLat, MLT, and time from onset). Energy and number
fluxes as well as pressure are obtained from each electron
and ion spectra.
[22] There are altogether approximately 3.4� 107 spectra

or points. The number of points in each bin ranges from 0
to approximately 2800. Finally, the median energy and num-
ber fluxes as well as ion pressure are computed for each bin.
Auroral precipitation power in each bin is also computed by
multiplying the physical surface area of each grid by the
median energy flux in each bin. The auroral precipitation
power is later used to compute the nightside precipitation
powers as described in section 5.2. Note that our method is
similar to the method used in Newell et al. [2010], except
that they calculated the mean rather than the median in each
bin. It turns out that the energy fluxes have non-Gaussian
distributions. Figure 1 shows an example of an electron
and an ion energy flux distribution from a randomly selected
(MLat, MLT) bin. The distributions have an extended tail
of high-energy fluxes that are consistent with the SME distri-
bution, which is well correlated with Polar UVI power (see
Figure 4 in Newell and Gjerloev [2011]). Therefore, the
median would characterize a typical substorm event better
than the mean, which may characterize stronger substorms.

5. Auroral Particle Precipitation Characterized
by Substorm Phases

5.1. Particle Precipitation Maps Throughout the
Substorm Cycle

[23] The technique used here consists of compiling electron
and ion precipitation maps at 15min cadence for 2 h before
onset and 3 h after onset for each type of aurora. Figures 2–4
present diffuse, monoenergetic, and wave auroral electron

energy fluxmaps and Figure 5 presents auroral ion energy flux
map. Because of space limitation, only maps for 1 h before on-
set and 1 h and 45min after onset are displayed. Figures 2–4
can be compared to Figures1–3 in Newell et al. [2010], which
show the three kinds of precipitating electron energy fluxes,
but only for several minutes before and after substorm
onset. Figure 2 shows that the diffuse aurora electron energy
flux increases around substorm onset, consistent with the
finding in Newell et al. [2010]. However, Figure 2 also
shows that after onset, the energy flux continues to increase
and remains at an elevated level for at least 2 h after onset,
reaching a maximum at about 1 h after onset (the time when
the maximum is reached can be determined more easily
from Figure 7, which is discussed in section 5.2). Moreover,
it appears that at and after onset, the increase of the diffuse
electron energy flux is confined approximately in the sector
spanning 22:00–09:00 MLT.
[24] Figure 3 shows the monoenergetic auroral electron

energy flux for the same interval as in Figure 2. However, its
characteristics are quite different from those for the diffuse
aurora. The monoenergetic aurora is concentrated mainly in
the dusk-midnight sector. It appears to reach a maximum at
15min after substorm onset. The monoenergetic aurora
electron energy starts increasing approximately 1 h and
15min before onset and increases more significantly at
substorm onset. This can be more clearly seen in Figure 8
and discussed in section 5.2.
[25] Figure 4 shows the wave or broadband aurora electron

energy flux from 1 h before onset to 1 h and 45min after onset.
The wave aurora rises after onset in the 21:00–02:00 MLT
interval. Like the monoenergetic aurora, the wave aurora
appears to wane or to start waning approximately 15min
after onset.
[26] Figure 5 shows aurora ion energy flux in the same for-

mat as Figures 2–4. Apparently, ion aurora too is enhanced
after onset, but most of the enhancement occurs in the sector
spanning 21:00–05:00 MLT. The enhancement appears to
continue for at least 1 h and 45min after onset as shown in
Figure 5, but actually the enhancement lasts for at least 3 h
after onset (not shown). Wing et al. [2007] and Wing and
Johnson [2009] show that ion pressure and density increase
at post-midnight in the recovery phase. Here, the pressure
profile is investigated further with a database containing an
order of magnitude more substorm events. Figure 6 shows
the median pressure profile in the same interval as in
Figures 2–5. Figure 6 shows that before the substorm onset,

Distribution of electron energy flux

Energy flux (ergs cm-2 s-1) Energy flux (ergs cm-2 s-1)

N
um

be
r 

of
 p

oi
nt

s

0 100 200 300 400 500
0

10

20

30

40

0 50 100 150
0

50

100

150

200
Distribution of ion energy flux

N
um

be
r 

of
 p

oi
nt

s(a) (b)

Figure 1. An example of a randomly selected (a) electron and (b) ion energy flux distribution in an
(MLat, MLT) bin. Both distributions have high-energy flux tails suggesting non-Gaussian distributions.
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Diffuse aurora electron energy flux
Δt = −60 min Δt = −45 min Δt = −30 min
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Figure 2. Diffuse aurora electron energy flux from 1 h before to 1 h and 45min after the substorm onset.
Each map shows the median energy flux over a 15min interval centered at the time labeled. The substorm
onset occurs at Δt= 0min.
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the pressure peaks in the interval 18:00–21:00 MLT. There
is a second peak at 02:00–05:00 MLT. However, after the

substorm onset, the pressure increases mostly in the sector
21:00–05:00 MLT, the same local time sector where ion

Figure 3. Monoenergetic aurora electron energy flux from 1 h before to 1 h and 45min after the
substorm onset in the same format as in Figure 2. The substorm onset occurs at Δt= 0min.

WING ET AL.: SUBSTORM AURORAL PARTICLE PRECIPITATION

1027



Figure 4. Broadband/wave aurora electron energy flux from 1 h before to 1 h and 45min after the
substorm onset in the same format as in Figure 2. The substorm onset occurs at Δt= 0min.
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Aurora ion energy flux
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Figure 5. Aurora ion energy flux from 1 h before to 1 h and 45min after the substorm onset in the same
format as in Figure 2. The substorm onset occurs at Δt= 0min.
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Ion pressure
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Figure 6. Ion pressure from 1 hr before to 1 h and 45min after the substorm onset. The substorm onset
occurs at Δt= 0min.
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aurora is energized, and persists for a long time, for at least
1 h and 45min in Figure 6 (and actually longer as shown
in Figure 10).

5.2. The Nightside Particle Precipitation Powers
Throughout the Substorm Cycle

[27] Figures 2–6 present the particle precipitation energy
flux and ion pressure maps during the substorm cycle. In this
section, we examine the evolution of the nightside particle
precipitation power quantitatively from 2 h before onset to
3 h after. Note that given our isolated substorm criterion
(substorms are separated by more than 5 h), by restricting
our analysis to 2 h before onset and 3 h after, we avoid the
situation in which the same data point is counted by two bins
simultaneously, by one bin before onset and one after. For
example, hypothetically, a data point that fell in the bin for
4 h after onset could also fall in the bin for 1 h before onset.
The dayside particle precipitation powers do not change
much with substorm cycle and hence are not presented.
[28] The solid line in Figure 7 shows the diffuse electron

auroral power for the entire nightside (hemispheric power).
The procedure for calculating precipitation power is
described in section 4.3. Each single data point on the solid
line represents the integral of diffuse electron auroral powers
in all bins from 18:00 to 06:00 MLT, and from 50� to
90� MLat at 15min time resolution. So, each image in
Figure 2 contributes one point on the solid line in Figure 7
and the X coordinate of the point corresponds to the center
of the 15min bin. The dashed line in Figure 7 plots the
same thing, except it is plotted for the midnight-dawn

sector, 00:00–06:00 MLT. This procedure is similar the
one used in Newell et al. [2010].
[29] In Figure 7, the entire nightside diffuse aurora power

reaches a minimum at 15min before onset. Then, it increases
at onset and continues to increase after onset, reaching a
maximum at 1 h after onset. The nightside diffuse aurora
power has a huge range during the substorm solar cycle,
approximately 1.2 GW at 15min before onset to 4.9 GW at
about 1 h after onset. Therefore, substorm-led magneto-
spheric reconfiguration typically increases the diffuse aurora
electron power by 310%. The error bars in Figures 6–8 are
derived from the standard deviation of the median, smedian,
where smedian = 1.25 sdist/sqrt(N); sdist is the centroid 68%
of the distribution, e.g., 16th–84th percentile of the distribu-
tion, and N is the number of points in the sample [e.g., Kenney
and Keeping, 1951; Hodges and Lehmann, 1967]. For exam-
ple, in Figure 7, the error bar = (

P
smedian
2 )0.5 of all bins in

50�–90� MLat and 18:00–06:00 MLT.
[30] The nightside diffuse electron aurora power is domi-

nated by the power in the midnight-dawn sector. As can be
seen from Figure 7, the diffuse auroral power for midnight-
dawn sector (dashed line) constitutes approximately 70–80%
of the power for the entire nightside (solid line).
[31] In Figure 8, the solid line plots the evolution of the

nightside electron monoenergetic aurora power obtained
by integrating from 18:00 to 06:00 MLT and from 50� to
90� MLat. In contrast to the diffuse aurora power, there is
some indication that the monoenergetic aurora power
actually starts increasing slowly at about 1 h and 15min
before onset. The monoenergetic power increases drastically
at onset. After onset, the power continues to increase, but
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Figure 7. The nightside semi-hemispheric diffuse auroral
electron power spanning the interval 2 h before to 3 h after
substorm onset. The solid line shows the entire nightside
power obtained from integrating the diffuse electron powers
in all bins in 18:00–06:00 MLT and 50�–90� MLat.
The dashed line shows the midnight-dawn powers obtained
from integrating the diffuse electron power in all bins in
00:00–06:00 MLT and 50�–90� MLat. Each point in the
plot is obtained from a map such as the one shown in Figure 2
(because of space limitation, Figure 2 only shows the maps for
1 h before to 1 h and 45min after the substorm onset). The
power increases sharply at substorm onset, reaching a maxi-
mum at approximately 1 h after onset. The nightside diffuse
electron power comes mainly from the midnight-dawn sector.
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Figure 8. The nightside semi-hemispheric monoenergetic
auroral electron power spanning the interval 2 h before to 3 h
after substorm onset in the same format as in Figure 7. The
solid line shows the power for the entire nightside obtained
from integrating the monoenergetic electron powers in all bins
in 18:00–06:00MLT and 50�–90� MLat while the dashed line
shows the dusk-midnight sector power obtained from integrat-
ing the powers in all bins 18:00–24:00 MLT and 50�–90�
MLat. The nightside monoenergetic electron power comes
mostly from the dusk-midnight sector. The power increases
sharply at onset and takes approximately 3 h to return to the
level at 2 h before onset. The power appears to start increasing
approximately 1 h and 15min before substorm onset.
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only for a short time, reaching the maximum at 15min
after onset. The nightside monoenergetic aurora power is
dominated by the power in the dusk-midnight sector,
18:00–24:00 MLT, which is plotted as the dashed line in
Figure 8. From the comparison of the solid and dashed lines,
it can be seen that approximately 60–75% of the monoener-
getic nightside aurora power comes from the dusk-midnight
sector. In other words, the power of the dusk-midnight
sector is larger than that of midnight-dawn sector by approx-
imately a factor of 1.5–3. The substorm increases the mono-
energetic aurora electron power by 71% from 1.05GW at
15min before onset to 1.8GW at 15min after onset.
[32] Figure 9 plots the hemispheric nightside auroral

powers for broadband or wave aurora. The solid line plots
the wave aurora power integrated for the entire nightside,
18:00–06:00 MLT, whereas the dashed line plots the power
integrated from 21:00 to 02:00 MLT (both are also
integrated from 50� to 90� MLat). Figure 4 shows that sub-
storms increase the wave aurora electron energy flux mainly
at 21:00–02:00 MLT. Comparing the two curves in Figure 9,
we can see that the power at 21:00–02:00 MLT constitutes
approximately 50–75% of the total nightside power.
Apparently, substorms increase the integrated power from
0.56GW at 15min before onset to 1.5GW at 15min after
onset, which represents a 170% increase. Similar to monoe-
nergetic aurora, the wave aurora peaks at 15min after onset.
[33] Figure 10 plots the median pressure for the entire

nightside from 2 h before onset to 3 h after. At each 15min
time step, the median of all the bins in 50�–90� MLat and
18:00–06:00 MLT is calculated. The error bar is smedian.
The median is much lower than the average pressure in the

aurora oval because the median covers the region outside
of the auroral oval where the pressures are lower than those
within auroral oval (see Figure 6). Figure 10 shows that the
pressure increases after the substorm onset and remains
elevated for at least 3 h after onset relative to the value at
15min before onset. The substorms increase the ion pressure
by 30%, from 1� 10�10 Pa at 15min before onset to
1.3� 10�10 Pa at 15min after onset. The ion aurora power
variation is not shown, but its variation follows roughly the
same pattern as the ion pressure variation.
[34] The monoenergetic and wave electron powers com-

plete or nearly complete the entire substorm cycle within
the 5 h interval examined, 2 h before onset to 3 h after onset.
That is, 3 h after onset, the powers finally reach roughly the
values as those at 2 h before onset. On the other hand, the
diffuse electron aurora and ion aurora powers appear to
require more than 5 h to complete the cycle.
[35] The approach of quantifying the substorm effect on

aurora powers is different in the present study from that of
Newell et al. [2010] in three significant ways. First, they
calculated the mean energy fluxes, instead of the median.
Second, they calculated aurora powers at 2min resolution,
which shows high fluctuations perhaps due to small
sampling sizes. Then, they compared the averaged powers
0–2 h before onset to those at 0–2 h after onset. As shown
in Figures 7–9, the aurora powers do not vary as a step
function, before and after onset, but rather they vary contin-
uously throughout the substorm cycle, although they signif-
icantly increase around the substorm onset. Finally, not all
substorms in the Newell et al. [2010] study are isolated sub-
storms. In fact, 66% of their substorms are separated by less
than 5 h. As a result, in the Newell et al. [2010] study, the
same data point could be counted by a bin before onset
and another bin after onset. The present study avoids this
ambiguity by restricting the analysis to the interval 2 h
before onset to 3 h after.
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Figure 9. The nightside semi-hemispheric wave/broadband
auroral electron power spanning the interval 2 h before to 3 h
after substorm onset in the same format as in Figure 7. As in
Figures 7 and 8, the solid line shows the power for the entire
nightside obtained by integrating the wave electron powers
in all bins in 18:00–06:00 MLT and 50�–90� MLat while the
dashed line shows the power obtained by integrating all
powers in all bins in 21:00–02:00 MLT and 50�–90� MLat.
The wave electron power rises sharply at substorm onset,
and reaches a maximum at 15min after onset, but the power
decreases quickly thereafter.
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Figure 10. The nightside median ion pressure in the sector
18:00–06:00 MLT and 50�–90� MLat. The pressure increases
after substorm onset and remains elevated (relative to the
value at 15min before onset) for at least 3 h. Note the pressure
is low because the median is obtained from a wide latitudinal
region, including the region outside the auroral oval where
pressure is lower than that within the auroral oval.
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6. Comparisons of Aurora Ion Precipitation in
DMSP Observations and RCM Simulation

[36] As shown in Figures 2 and 5, there are clear MLT
variations in both electron and ion diffuse aurora precipitation.
To investigate what processes can contribute to these MLT
variations, Gkioulidou et al. [2012] evaluated the role of
MLT-dependent electron precipitation rate by comparing the
DMSP electron diffuse aurora precipitation with that from
simulations of the RCM [Toffoletto et al., 2003] combined
with a Dungey force-balanced magnetic field solver (hereafter
referred to as RCM-Dungey) [Gkioulidou et al., 2011]. Here,
we compare the DMSP ion aurora precipitation with the one
obtained from the RCM-Dungey simulations with a fixed
ion precipitation rate to evaluate whether the observed MLT
variation can be accounted for by ion magnetic drift alone.

6.1. The RCM-Dungey Simulation

[37] The RCM-Dungey calculates the bounce-averaged
electric and magnetic drift of ions and electrons assuming
isotropic distributions along the magnetic field lines and slow
flow approximation, within self-consistently computed elec-
tric and magnetic fields. The combined model maintains force
balance in the equatorial plane. The auroral height-integrated
Pedersen and Hall conductivities are estimated by the electron
precipitation from the simulated plasma distributions, using
the Robinson et al. [1987] empirical formula.
[38] Gkioulidou et al. [2012] conducted substorm growth

phase simulations using RCM-Dungey with different elec-
tron precipitation rates and evaluated these precipitation
rates by comparing the simulated precipitating electron
energy fluxes with DMSP diffuse aurora electron precipita-
tion. More specifically, they conducted simulations using
six different scattering rates, which can be divided into two
groups. The first group assumes the strong diffusion loss rate
everywhere and two third and one third of that rate, whereas
the second group assumes the MLT-dependent loss rate,
based on wave activity, established by Chen and Schulz
[2001] (hereafter referred as the Chen rate) and two third
and one third of that rate. The magnitude and spatial distri-
bution of waves vary with geomagnetic activity, but the
Chen rate does not include this variability. The decisions
to use the particular fractions chosen for both rates were
motivated by the study of Schumaker et al., [1989], where
data from near-geosynchronous SCATHA satellite in con-
junction with polar-orbiting P78-1 revealed that the average
lifetimes of plasma sheet electrons exceed those for the case
of isotropy by a factor between 2 and 3 for Kp ≤ 2 (between
one half and one third of strong diffusion loss rate), and 1.5
for Kp> 2 (two third of strong diffusion loss rate).
[39] The location of the RCM-Dungey outer boundary is

specified as a 15 RE circle centered at X=�5 RE and Y= 0
in the equatorial plane and reaches X=�20 RE at midnight
and |Y| = 15 RE (on the dawn and dusk sides). The latitudes
in the ionosphere that map to the outer boundary vary
as the magnetic field changes. The inner boundary is at
r ~ 2 RE. Along the outer boundary, the proton and electron
distributions at different MLT are established from a fitting
of two-component Kappa distributions to statistical results
of substorm growth phase periods observed by Geotail and
THEMIS from 1996 to 2010. Substorm onsets were
obtained from the list of Hsu and McPherron [2012] that

is based on an appropriate change of AL. The data have been
sorted into three time ranges 120–60, 60–30, and 30–0min
before the substorm onset. Only isolated substorms, i.e.,
those that occurred at least 3 h after the previous substorm
were used. For initial plasma conditions, we use plasma dis-
tributions obtained from our previous RCM run [Wang
et al., 2011], where we started with an empty magnetosphere
and plasma from the tail boundary moved into the inner
magnetosphere under many hours of enhanced convection.
The boundary conditions and temporal variations of the
polar cap potential drop of that previous run are shown in
Figure 5 of Wang et al. [2011]. In this simulation, we first
ran simulations with constant cross-polar-cap potential drop
(ΔΦPC) of 40 kV for five simulation hours and then gradu-
ally increased ΔΦPC to 60 kV over 2 h (t = 5–7 h). The
magnetic field was updated every 10min to maintain force
balance with the RCM pressures. For more details on the
simulation setup and the electron precipitation rates, see
Gkioulidou et al. [2012].
[40] The investigation above showed that the simulation

using a more realistic, MLT-dependent Chen rate produces
electron precipitating energy flux profiles that agree better
with the DMSP electron energy fluxes in their MLT distri-
butions, compared with simulations using maximum
precipitation rate against strong diffusion everywhere. In
fact, using one third of the Chen rate resulted in the closest
agreement between observed and simulated precipitating
electron energy fluxes. Similarly, in this paper, by compar-
ing the simulated precipitating ion energy fluxes with
the observed ones from DMSP, we could determine
whether the drift physics alone can account for the
azimuthal distribution of the ion aurora, and also, whether
assuming that ions undergo strong diffusion everywhere
is a realistic approximation.
[41] Electron precipitation into the ionosphere affects the

ionospheric conductance, which, in turn, affects the convec-
tion electric field and, as a result, the penetration of the ion
plasma sheet into the inner magnetosphere. Therefore,
because Gkioulidou et al. [2012] have established that using
one third of the Chen electron scattering rate resulted in
precipitating electron energy fluxes that were the closest to
the observed ones from DMSP, in this paper we compare
the DMSP ion precipitation with the simulated ion precipita-
tion using one third of the Chen electron scattering rate.
[42] One of the main mechanisms to cause ion pitch angle

scattering in the plasma sheet is the current sheet scattering
[e.g., Speiser, 1965; Lyons and Speiser, 1982; Sergeev
et al., 1983; 1993]. Ions with gyroradius comparable to or
larger than the magnetic field curvature radius undergo pitch
angle scattering due to violation of the first adiabatic invari-
ant m=E⊥/B. More specifically, this non-adiabatic scattering
of the energetic ions happens whenever they encounter the
equatorial current sheet along their orbit and provides rapid
filling of the loss cone. Higher-energy ions are more likely
to be scattered to the loss cone than the lower energy ones.
The scattering is also expected to weaken with decreasing
radial distance and from the nightside to dayside as the mag-
netic field lines become less stretched. Another important
scattering mechanism is through interaction with electro-
magnetic ion cyclotron (EMIC) waves [e.g., Jordanova
et al., 2001]. Therefore, the ion precipitation rate can vary
with ion energy and location. However, unlike the location-

WING ET AL.: SUBSTORM AURORAL PARTICLE PRECIPITATION

1033



and energy-dependent Chen rate we used for electron precip-
itation in the simulation, no such ion precipitation rate has
yet been established to be incorporated into our simulation.
Thus, as mentioned above, we simply assumed that ions of
all energies are under strong pitch angle diffusion everywhere,
that is, the maximum precipitation rate for ions. This assump-
tion is valid for the tail plasma sheet, where the ion distribution
is approximately isotropic [e.g., Stiles et al., 1978; Wing and
Newell, 1998;Wing et al., 2005], but becomes less appropriate
in the inner magnetosphere (inside ~10 RE), where the distri-
butions can become highly anisotropic. Nevertheless, using
a fixed ion precipitation rate allows us to evaluate whether
magnetic drift alone can account for the MLT variations in
the DMSP precipitation.

6.2. RCM Precipitating Ion Energy Flux

[43] Figure 11 shows the simulated ion precipitating en-
ergy fluxes at 6 h and 45min of our run and the observed
DMSP ion aurora precipitation 15min before the onset (also
shown in Figure 5). The RCM simulation shows that the
precipitating energy flux maximizes in the dusk-midnight
sector. This can be attributed to more energetic ions mag-
netic drifting toward dusk. DMSP observations also show
a peak around 18–20 MLT. However, the simulated magni-
tudes are a factor of ~2 larger compared with the observed
ones (please note the different color bars). This indicates that
the assumed maximum ion precipitation rate overestimates
the real precipitation rate.
[44] On the other hand, DMSP observations show a

second peak around 02:00–05:00 MLT, which is not seen
in the RCM-Dungey simulation. The pressure map also
shows a second peak at the same location as can be seen in
Figure 6. These ion pressure and energy flux maxima can
be attributed to a peak in the ion number flux (not shown).
The pressure peak around 02:00–05:00 MLT in the plasma
sheet has been previously observed and attributed to a

density peak during active times [e.g., Korth et al., 1999;
Wing and Newell, 1998] and during growth phase [Wing
et al., 2007; Wing and Johnson, 2009]. The present study
obtains the same result with a larger database than the Wing
et al. [2007] and Wing and Johnson [2009] studies. The
dawn density enhancement during high magnetic activity
may result from the cold solar wind ion entry on the dawn
flank and flow stagnation when enhanced E�B and corota-
tion are nearly cancelled by the curvature and gradient
drifts [e.g., Friedel et al., 2001]. Another possible mech-
anism also presumes solar wind ion entry along the dawn
flank, but additionally, an enhanced E�B pushing the
solar wind origin ions closer to Earth where the flux tube
volume is smaller and hence ions have higher density
[Wang et al., 2003]. Because the maximum ion precipita-
tion rate is used in this simulation, it is also not clear
whether the relative weaker precipitation near midnight
seen in observation can be a result of MLT variation in
the ion precipitation rate. Figure 5 shows that the dawn
peak persists after onset. This may be associated with
substorm injection and flow stagnation. However, RCM
does not include substorm injection physics and hence
even if RCM had stagnation point, it might not show
energy flux peak near dawn.
[45] In conclusion, our comparison of the MLT distri-

butions in DMSP ion precipitating energy fluxes with a
simulation taking into account drift physics reveal that
the duskward magnetic drift of the more energetic ions
can account for one of the two precipitation peaks,
the one toward dusk. However, the simulation cannot
account for the second peak, the one toward dawn, prob-
ably because of a lack of substorm injection physics or
other physical processes. In addition, a more realistic
ion precipitation rate should be included in a future sim-
ulation to evaluate the combined effect of magnetic drift
and precipitation rate.
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Figure 11. The precipitating ion energy flux near the end of the growth phase for (a) RCM-Dungey
model and (b) DMSP observations. The RCM-Dungey ion energy flux is taken after running the simula-
tion for 6 h and 45min, whereas the DMSP observation is for 15min before substorm onset (taken from
Figure 5). Note that the two color bars have different scales.
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7. Discussion and Summary

7.1. Summary of Key Observations

[46] Substorms change the magnetospheric configuration,
e.g., when the magnetic field lines change from stretched
tail-like to more dipolar configurations. During this process,
a huge amount of energy is released, some of which ener-
gizes precipitating particles. On the nightside, ion and all
three types of electron (diffuse, monoenergetic, and wave)
energy fluxes and powers increase at or shortly after sub-
storm onset. However, the energy increases differ for each
type of aurora. The increases are 71%, 170%, and 310%
for the monoenergetic, wave, and diffuse electron aurora
powers, respectively. In contrast, the ion pressure increases
only by 30%. Among the electron aurorae, the wave aurora
has the smallest power, followed by the monoenergetic
aurora, whereas the diffuse aurora has the largest power.
The ion aurora power and energy flux are comparable to
those of the wave electron aurora during the growth phase,
but after the onset the wave electron aurora power and
energy fluxes increase much more than those of the ion
aurora. Substorms appear to energize ion aurora less than
electron aurora of any kind.
[47] The MLT distribution of each type of aurora also

differs. The diffuse electron aurora can be observed
mainly in 22:00–09:00 MLT. However, the monoener-
getic electron aurora power comes mainly from the
dusk-midnight sector, whereas the wave aurora power
comes mainly from the region centered at pre-midnight,
spanning roughly 21:00 to 02:00 MLT. Near the end of
the growth phase, i.e., Δt =�30 to �15min, the ion
energy flux and pressure peak at 18:00–21:00 MLT sec-
tor, which can be attributed to the ion curvature and
gradient westward drifts toward dusk. There is also a
second peak at 02:00–05:00 MLT in both ion energy flux
and pressure maps, which can be attributed to cold solar
wind ion entry along the dawn flank, flow stagnation,
and enhanced E�B as discussed in section 6.2. After
substorm onset, the ion pressure and energy flux in
the 21:00–05:00 MLT sector increase and persist at an
elevated level for a long time. These increases can be
associated with the increase in the ion number flux
(not shown). This is consistent with Wing et al. [2007] and
Wing and Johnson [2009], which show that the post-midnight
pressure and density increase in the recovery phase.
[48] The rest of this section examines the substorm cycle,

diffuse, wave and monoenergetic electron aurorae.

7.2. Electron and Ion Aurora Substorm Cycles

[49] It is hard to determine when the growth phase begins
in the particle precipitation. In the present study, the growth
phase onset can be defined as the time when the power is at
minimum before the substorm onset. Using this definition,
the monoenergetic and wave electron aurora growth phases
start at approximately 1 h and 15min before onset. The
growth phase signature for the diffuse electron aurora is
not so clear. The minimum at 15min before onset in the
diffuse aurora power in Figure 7 is not likely the start of
the growth phase. All types of electron and ion aurorae
increase substantially at the substorm onset. So, the growth
phase ends roughly at the same time for all electron and

ion aurorae. In other words, the substorm onsets obtained
from optical observations seem to agree with those obtained
from the particle precipitation. The 1 h and 15min duration
of the growth phase for the monoenergetic and wave elec-
tron aurorae is at the upper end of the range of the growth
phase obtained from ground magnetic field observations
[e.g., Bargatze et al., 1999; Huang et al., 2003].
[50] The end of the expansion phase can be defined as

the time when the maximum power is reached. The diffuse
aurora expansion phase duration is longer than that of the
other two electron aurorae. The duration of the expansion
phase of the diffuse aurora is 1 h, whereas that of the mono-
energetic and wave aurorae is only about 15min. It is interest-
ing to note that the recovery phase onset for the electron
diffuse aurora, ~1 h after substorm onset, is comparable to
the start of the plasma sheet recovery reported in Baker et al.
[1994]. They reported that plasma sheet recoveries, e.g., ex-
pansion of plasma sheet, reduction of cross-tail current, etc.,
can occur at 10–120min after substorm onset with a median
delay of 45min. Their substorm onsets were determined from
the ground magnetic field observations. The short expansion
phase duration in the electron wave aurora may result from
the quick damping of the waves as discussed in section 7.4.
[51] It is a challenge to determine the end of the recovery

phase, primarily because it is hard to determine when the
quiet time state is reached and what the quiet time power
ought to be. The quiet time power may be defined as the
minimum power reached at the start of the growth phase. In
Figures 7–9, it can be seen that the diffuse aurora power
decreases at 1–3 h after onset, whereas the monoenergetic
and wave aurora powers decrease in the interval 15min–3 h
after onset. This would suggest that the recovery phase dura-
tions are at least 2 h for the diffuse aurora and 2 h and 45min
for the monoenergetic and wave electron aurorae.
[52] For the wave and monoenergetic electron aurorae, the

powers at 3 h after onset are approximately the same as those
at 2 h before onset. The declining power in the interval 2–1 h
before the substorm onset in the wave and monoenergetic
electron aurorae may suggest that some of the points in this
interval come from the recovery phase of the preceding
substorm. Assuming that (1) the minimum power before
the substorm onset is the baseline for the quiet time power
and (2) many points in the interval 2–1 h before onset could
also be in the interval 3–4 h after onset, given our criterion
for isolated substorms and so the durations of the monoener-
getic and wave electron aurora recovery phases can be
estimated to be 3 h and 45min or ~4 h. It is harder to deter-
mine the recovery time for the diffuse electron aurora. In the
period 2–0 h before onset, the diffuse electron aurora power
generally declines. Perhaps, some or many of the points in
this interval may actually come from the recovery phase of
the preceding substorm. This result may suggest that the
recovery phase duration for the diffuse electron aurora could
be more than 4 h, but in order to get a better estimate, one
would have to use substorms that are separated by more than
7 or 8 h. It would not be possible to use such separations in
the present dataset without severely degrading the statistics.
[53] The recovery durations of all three types of the elec-

tron precipitation are larger than the 0.5–2 h recovery dura-
tion obtained from the ground magnetic field observations
[e.g., Bargatze et al., 1999; McPherron et al., 1986; Baker
et al., 1981; Huang et al., 2003; Horwitz, 1985]. Pulkkinen
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et al. [1994] reported that the recovery period of the geosyn-
chronous magnetic field and energetic particle observations
is on the order of 1–3 h. They attributed the long recovery
of the near-Earth magnetic field to the effect of the devel-
oping ring current. However, it is not clear whether this
can explain the long recovery period of the precipitating
electrons, some of which map farther out than geosynchro-
nous orbit.
[54] The duration of the substorm cycle has been reported

to be approximately 2–3 h [e.g., Huang et al., 2003] or 4 h
[e.g., Tanskanen et al., 2002] based on substorm onsets de-
termined by the ground magnetic field observations or indi-
ces derived from these observations such as AE, AL, or IL.
However, monoenergetic and wave electron aurora powers
complete the entire substorm cycle within the 5 h interval
examined. That is, 3 h after onset, the aurora powers finally
reach roughly the values at 2 h before onset. The diffuse
electron aurora cycle is more than 5 h. So, the durations of
the substorm cycle in all electron aurorae appear larger than
or at the upper end of the range of those obtained from
ground magnetic field observations. These long durations
can be attributed mostly to the longer durations of the recov-
ery phases in the three types of electron aurorae.
[55] It is interesting to note that wave and monoenergetic

electron aurora powers have similar substorm cycle dynam-
ics, i.e., phases’ durations, which differ from those of the
electron diffuse aurora power. This is discussed further in
section 7.4.
[56] The substorm energizes the precipitating ions less

than the precipitating electrons. Perhaps, partly because of
this, it is harder to ascertain the ion pressure cycle. The ion
pressure increases only by a relatively small amount after
onset, but it seems to persist at the elevated level (relative
to the value 15min before onset) for a long time. There is
no clear indication that the power declines within 3 h after
the substorm onset.

7.3. Diffuse Electron Aurora

[57] As shown in Figure 2, the diffuse electron aurora can
be observed mainly in 22:00–09:00 MLT. The diffuse elec-
trons are the magnetospheric field-aligned electrons that
precipitate into the ionosphere. As the plasma sheet elec-
trons E�B convect earthward, their curvature and gradient
also drift eastward toward dawn. The field-aligned compo-
nent of these electrons is quickly lost through the lost cone,
but it is replenished by pitch angle scattering. A leading
mechanism for pitch-angle scattering is VLF whistler-mode
chorus wave-electron interactions [e.g., Thorne, 2010;
Reeves et al., 2009; Summers et al., 1998]. Studies have
shown that whistler-mode chorus waves are excited in the
region spanning pre-midnight to noon, which includes the
region where the diffuse electrons are observed, at
22:00–09:00 MLT. Apparently, around 09:00 MLT, the
diffuse electron flux decreases, which may suggest that
the whistler-mode chorus waves start weakening. In the
magnetosphere, the electrons continue to drift eastward,
circling the earth, but they are only observed in the ion-
osphere when and where there are whistler-mode chorus
waves to pitch angle scatter them. The diffuse electron
aurora is discussed further in the companion paper
[Gkioulidou et al., 2012].

7.4. Wave Electron Aurora

[58] As mentioned above, substorms appear to energize
wave electron aurora the most, relative to its value prior to
onset. Wave aurora is characterized by precipitating elec-
trons having a broad energy spectrum. Such precipitation
is thought to result from electron interaction with dispersive
Alfvén waves [Chaston et al., 2002, 2003, 2008]. Typical
Poynting fluxes in Alfvén waves at high latitude have been
shown sufficient to account for 30–35% of auroral luminos-
ity [Wygant et al., 2002; Keiling et al., 2002]. The survey of
Chaston et al. [2007] found that up to 40% of the total elec-
tron energy deposited in the ionosphere is associated with
dispersive Alfvén waves and that an even larger fraction of
energy deposition peaks in the pre-midnight region where
substorms are most common.
[59] Lessard et al. [2006] noted a connection between

dipolarization events observed in the magnetotail and disper-
sive Alfvén waves observed above the ionosphere, which
are associated with the broadband electron precipitation.
Observations of Pi1B (irregular bursty pulsations with
periods from 1 to 40 s) were detected by GOES 9, FAST,
and at the ground in conjunction with a substorm. While
GOES detected compressional magnetic field fluctuations
along with dipolarization at geosynchronous orbit, FAST
(which was conjugate to GOES) detected shear Alfvén
waves as a broadband ELF wave spectrum. The ratio of
dE/dB for the waves was consistent with Doppler-shifted
dispersive Alfvén waves that have been reported [Stasiewicz
et al., 2000; Chaston et al., 2008], suggesting that compres-
sional waves mode convert to dispersive shear Alfvén waves
in this region. These same waves were also observed by
ground-based magnetometers on conjugate field lines.
[60] Because transfer of energy by Alfvén waves is most

efficient when the perpendicular wavelength is small
[Hasegawa, 1976; Lysak and Song, 2003; Damiano et al.,
2007], it is additionally necessary that there will be a cascade
of energy from large scales to small scales [Chaston et al.,
2008]. Cross-scale coupling may result from linear phase
mixing in inhomogeneity [Lysak and Song, 2011], nonlinear
wave-wave cascade [Schekochihin et al., 2009 and references
therein], or by nonlinear wave-particle interactions [Damiano
and Johnson, 2012].
[61] Electrons with broadband energy distribution are con-

sistent with acceleration in a time-varying parallel electric
field [Chaston et al., 2002] that is associated with small-
scale dispersive Alfvén waves. Electrons can be resonantly
trapped in the wave potential of an Alfvén wave pulse
[Kletzing, 1994] typically leading to the development of a
velocity-dispersed beam in front of the pulse [Watt
et al., 2005]. At lower altitude, the electrons escape the
potential well and precipitate into the ionosphere as an
energy-dispersed population [Watt and Rankin, 2009].
[62] In the transient response models [e.g., Nishida, 1979;

Kan et al., 1982; Hull et al., 2010], the magnetospheric
reconfiguration and diversion of the cross-tail currents by
the current wedge are communicated to the ionosphere by
Alfvén waves. The wave aurora that results from the initial
substorm pulse may be expected to last a few Alfvén bounce
periods because Alfvén waves damp kinetically on electrons
absorbing most of the wave energy after a few reflections via
wave-particle interactions [Lysak and Song, 2003; Damiano
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and Johnson, 2012] and/or Joule dissipation in the iono-
sphere [Hull et al., 2010]. Wave aurora power peaks follow-
ing onset and remains elevated for about 15min, consistent
with the decay time of Alfvén waves. Figure 9 shows that
after the rapid decay of the main Alfvén waves in the inter-
val 15–45min after onset, there seems to be residual Alfvén
waves that slowly decay starting at approximately 45min
after onset.
[63] Figures 7–9 suggest that wave and monoenergetic

electron aurora powers have similar substorm cycle dynam-
ics, i.e., phases’ durations, which differ from those of the
electron diffuse aurora power. There may be a link between
wave and monoenergetic electrons. For example, recently,
Hull et al. [2010] suggested that Alfvén waves can lead to
the formation of density cavities and quasi-static parallel
electric fields. However, Figures 3 and 4 show that monoe-
nergetic and wave electrons are not always observed in the
same region. They seem to overlap roughly in the region
spanning 21:00–01:00 MLT. Westward of the overlapping
region, e.g., MLT< 21:00, monoenergetic electrons can be
observed without significant wave electrons. Conversely,
eastward of the overlapping region, e.g., MLT> 01:00,
wave electrons can be observed without significant monoe-
nergetic electrons.

7.5. Monoenergetic Electron Aurora

[64] The ion and diffuse electron aurora powers and
energy fluxes do not significantly increase until 0–15min
before substorm onset. However, the monoenergetic and
wave electron aurora powers and energy fluxes start increas-
ing approximately 1 h and 15min before onset as shown in
Figures 8 and 9. This suggests that any substorm prediction
algorithm may do better examining the monoenergetic and
wave electron aurorae than diffuse aurora.
[65] The increase of monoenergetic electron aurora about

1 h and 15min prior to onset is suggestive of a correlation
between monoenergetic electron precipitation and the growth
phase magnetic field configuration. As the tail stretches during
the growth phase, field-aligned currents intensify [McPherron,
1972; Watanabe and Iijima, 1993; Wing and Sibeck, 1997;
Tsyganenko and Sibeck, 1994; Tsyganenko et al., 1993;
Zanetti and Potemra, 1986]. In the upward field-aligned
current region, the current-voltage relationship implies that
the parallel potential drop would increase in order to maintain
higher currents by drawing more electrons downward. Hence,
an increase in the monoenergetic electron aurora may simply
be an indicator of elongation of the tail that occurs during
the growth phase. Figure 3 shows that the monoenergetic elec-
trons can be observed mainly in the dusk-midnight sector.
This would be consistent with the increase in the upward
region-1 field-aligned current (R1) in the dusk-midnight
sector during the growth phase. In the midnight-dawn
sector, R1 may also increase, but here R1 is downward
and so fewer monoenergetic electrons would be expected.
Region-2 field-aligned current (R2) at the midnight-dawn
sector also flows upward, but few monoenergetic electrons
are observed at this location. This may result from the
higher electron density on the dawnside than on the dusk-
side magnetosphere due to the eastward curvature and
gradient drifts of the electrons.
[66] Another possibility for the increase in monoenergetic

precipitation is the development of low-frequency waves

that accelerate electrons, but do not lead to global instability.
One such possibility is the kinetic-ballooning/interchange
mode discussed by Pritchett and Coroniti [2010], which
operates in a stretched-tail configuration with a minimum
in Bz. These modes are thought to be associated with inter-
change heads, which generate auroral streamers and contrib-
ute to the monoenergetic electron precipitation. Many
studies have shown that an auroral streamer is a fast-flow
signature in the ionosphere [e.g., Nakamura et al., 2001;
Sergeev et al., 2004]. Fast flows have been attributed to
reconnection leading to flux tubes having depleted total
entropy (S), which initiate unstable growth of ballooning
and interchange instabilities resulting in earthward propaga-
tion of flux tubes [e.g., Birn et al., 2009; 2011; McPherron
et al., 2011; Wing and Johnson, 2009; 2010; Wolf et al.,
2009]. Fast flows have also been attributed to current disrup-
tion leading to field-line collapse [Lui, 1994; Wolf et al.,
2009]. Baumjohann et al. [1999] showed that earthward
fast-flow occurrence rate increases sharply about 15min
before substorm onset, consistent with the sharp increase
of the nightside monoenergetic aurora power at 15min
before onset in Figure 8.
[67] Fast flows are also observed following substorm on-

set, in the expansion and even recovery phases. For exam-
ple, Baumjohann et al. [1999] showed that the earthward
fast flow occurrence rate peaks between 0 and 60min after
onset depending on the GSM X location of the fast flow.
The superposition of these peaks may give the broad
peak in the monoenergetic aurora power seen in the interval
15–60min after onset in Figure 8. These fast flows can
launch low frequency global Alfvén waves that are associated
with monoenergetic precipitation [Damiano and Johnson,
2012]. Regardless of how they are formed, fast flows have
been observed more frequently in the dusk-midnight than the
midnight-dawn sector in the tail [e.g., McPherron et al.,
2011]. This dawn-dusk asymmetry has also been seen in
RCM-Equilibrium (RCM-E) simulation and has been
attributed to the ion westward curvature and gradient
drifts [e.g., Zhang et al., 2008]. We will investigate the possi-
ble links of monoenergetic electrons to fast flows and
magnetic field stretching in our future studies.
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