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[1] The substorm evolution was studied by performing a superposed epoch analysis of 91
substorms using IMAGE FUV data. Onset locations and times were determined from
images produced by the Wideband Imaging Camera (WIC) usually dominated by electron
aurora. Images taken byWIC and by the Spectrographic Imager SI12 channel, responsive to
proton aurora, were transformed into rectangular magnetic latitude (ML) and magnetic local
time (MLT) coordinates and plotted on a timescale related to the time of substorm onset
(T = 0) and to a Relative MLT (RMLT) normalized to onset MLT. A double Gaussian was
fitted to the auroral intensity data as a function of ML at RMLT of �4, �2, 0, +2, and
+4. From the Gaussian coefficients the means of several parameters were plotted as a
function of time. Presubstorm, there was an equatorward motion of the mean low-latitude
boundary of the electron and proton aurora. There was no evidence of preonset auroral
fading in the mean intensity. At onset the proton auroral peak intensity increased only by a
factor of 2 compared with �5 for the electrons. At RMLT = 0, rapid poleward expansion of
the proton aurora after onset occurred. The proton expansion slowed down after the first few
minutes, while the electron surge continued toward higher latitudes. The mean poleward
expansion of the electron aurora reached about 3.5� in 5min and reached a total expansion of
5.5� in an hour. The protons expanded about 2.5� in 5 min and expanded about 3� one hour
after onset. The latitude width of the aurora increased at onset due to both a large poleward
and a moderate equatorward expansion. There appeared to be stronger substorm-related
activity in the local time range toward dawn than toward dusk. In the RMLTsector duskward
of onset the proton auroras were located equatorward of the electrons and poleward in
the dawnward RMLT sector. INDEX TERMS: 2704 Magnetospheric Physics: Auroral phenomena

(2407); 2740 Magnetospheric Physics: Magnetospheric configuration and dynamics; 2716 Magnetospheric
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1. Introduction

[2] Global auroral images provide a two-dimensional
map of the footprints of magnetospheric regions, and with
appropriate mapping, they can uniquely depict regions in
the magnetosphere. The most direct mapping tools are
empirical field-line models such as that developed by
Tsyganenko [1990]; however, these models are more useful
in characterizing the average field and have limited value in
predicting instantaneous configurations. Thus it is difficult
to identify the magnetospheric source regions of auroral
arcs and different types of particle precipitation from simple
field-line mapping [Siscoe, 1991]. The magnetosphere may
be mapped through simultaneous measurements of the
properties of the precipitating electrons, in the ionosphere
and in the plasma sheet, and finding regions where the two
measurements signify the same particle distributions. How-

ever, this method is also limited because the ionosphere and
the plasma sheet are decoupled in several ways. Quasi-static
electric fields and other complex accelerating forces mod-
ulate the electrons at low altitudes. During substorms, when
large magnetic field reconfigurations take place, additional
complications arise because of the presence of large,
variable inductive electric fields. These forces change the
character of low-energy electrons between the plasma sheet
and the ionosphere. Nevertheless, there have been efforts to
characterize magnetospheric regions, for example, by the
extent of diffuse and discrete auroral boundaries [Kauristie
et al., 1999]. Using the protons to provide additional
mapping tools shows some promise because they should
be less affected by the electric fields.
[3] Attempts at mapping magnetospheric regions from

low-altitude precipitation measurements have a long history.
As an example, Sergeev and Malkov [1988] proposed an
indirect method of probing magnetospheric field configura-
tion via remote sensing of protons by low-altitude space-
craft. Accordingly, it is possible to locate the region where
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the protons become isotropic, the isotropic boundary (IB).
This is the boundary between the adiabatic and stochastic
particle motion in the equatorial tail current sheet [Sergeev
et al., 1993]. By measuring the particle pitch angles on low-
altitude satellites, it is possible to adjust the magnetic field
model so that the low-latitude boundary of the region of
stretched field lines coincides with the IB for protons of a
given energy. It is hoped that the low-latitude limit of the
proton precipitation seen in the proton aurora sensitive
IMAGE FUV SI12 channel marks the IB. This IB would
be relevant to lower energy protons because this instrument
responds more to proton particle flux than to precipitated
energy flux, therefore lower energy protons make a larger
signal for the same precipitated energy.
[4] The significance of the poleward boundary of the

intense proton precipitation in the magnetosphere is perhaps
less well understood. This boundary in an average sense
represents the poleward edge of the ring current protons.
Poleward of this region the proton fluxes are generally weak
because the plasma convects out of the magnetosphere on
the dayside and the protons are unable to accumulate from
one complete drift period to the next. Poleward of this
boundary, plasma sheet electrons are the dominant form of
presubstorm precipitation; however, the presence of the
protons with plasma sheet energies (seen mostly only in situ
satellite particle data) also signifies closed field lines [Sam-
son et al., 1992]. It appears from comparison of FAST and
IMAGE satellite data that weak proton precipitation, visible
only from FAST measurements, actually continues all the
way to the polar cap boundary [Mende et al., 2003]. The
protons in this region are usually too weak to be seen
optically from the IMAGE satellite or from ground-based
instruments. However, the diffuse electron auroras in this
region are usually intense enough to be seen optically from
ground and space.
[5] There is observational evidence that this diffuse aurora

maps to the central plasma sheet [Feldstein and Galperin,
1993]. Generally, there is a fairly abrupt poleward boundary
where the weak plasma sheet precipitation and the
corresponding auroras cease. This is the boundary of the
polar cap that is often identified as the open-closed field-line
boundary. This boundary has been studied extensively be-
cause it constitutes a way of measuring the open flux in the
magnetosphere and therefore can be used to estimate the
storage and release of the magnetic energy in the tail lobes
[Siscoe and Huang, 1985; Frank and Craven, 1988; Baker et
al., 1997; Brittnacher et al., 1999]. The polar cap at times can
be clearly identified from satellite data as the region of the
polar rain [Winningham and Heikkila, 1974]. Thus the
poleward boundary of the diffuse electron auroras is also a
significantmagnetospheric boundary. It should be recognized
that the sensitivity of satellite-based imagers to precipitation
is limited, and they are usually less sensitive than in situ
particle detectors. Thus the auroral poleward boundary may
not be always the true polar cap boundary of precipitation.
[6] It has also been established that the equatorward

boundary of the diffuse electron aurora is collocated with
the inner edge of the plasma sheet [e.g., Eather and Mende,
1972], and therefore it represents another important mag-
netospheric boundary. In summary, we have identified four
significant boundaries which can be represented by the
electron and proton equatorward and poleward boundaries.

The magnetospheric proton and electron precipitation
boundaries are summarized in Figure 1. Starting from lower
latitudes there is region 1 of the adiabatic, trapped ring
current particles on dipole-like field lines. These ions are
trapped and have no precipitating signatures and cannot be
seen in the aurora. At higher latitudes there is the ‘‘isotropic
boundary’’ (IB) between the adiabatic and stochastic particle
motion [Sergeev and Malkov, 1988] separating the region
of proton precipitation (region 2). Further poleward,
region 3 is the region where the weak proton precipitation
is not detectable in the SI12 images. It was found from
comparison of the data between the FAST and IMAGE
[Mende et al., 2003] that poleward of this boundary in
region 3 there can be weak fluxes of protons, which can
only be seen by in situ particle detectors on satellites such
as FAST. This region, containing diffuse and structured
auroras with minimal proton precipitation, maps into the
plasma sheet containing closed field lines [Feldstein and
Galperin, 1993]. The next region (region 4) is the polar
cap, which is the region of open field lines, identified
usually by the lack of energetic proton and electron
precipitation and by the presence of polar rain when the
conditions are favorable.
[7] The mean intensity and probability of occurrence of

precipitation as a function of magnetic latitude (ML) and
magnetic local time (MLT) was established statistically
from the analysis of satellite data [Hardy et al., 1987,
1991; Newell et al., 1996a]. Auroral regions and their
boundaries have been extensively classified from DMSP
satellite measurements [Newell et al., 1996b]. The boundary
of the polar cap has been classified as 5i and 5e boundaries
by Newell et al. [1996b], with the i and e referring to ions
and electrons, respectively. The next region equatorward
(illustrated in blue in Figure 1) is the plasma sheet,
characterized by structured and diffuse electron auroral

Figure 1. The magnetospheric boundaries from precipitat-
ing particle data. From low latitudes (1) adiabatic, trapped
ring current region with particles on dipole-like field lines,
minimal precipitation (green), (2) the region of intense
proton precipitation (red), (3) the region of diffuse and
structured auroras with minimal proton precipitation (blue),
and (4) the region of the polar cap. The white spot indicates
the region of substorm onset.
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activity. The region containing intense proton precipitation
(illustrated in red in Figure 1) was not specifically classified
by Newell et al. [1996b], but in one of their examples the
boundary of intense proton precipitation region coincides
with their 4s boundary [Newell et al., 1996b], where the
structured electrons appear to turn off on the equatorward
side. This seems to coincide exactly with the increase in the
proton intensity. The region of intense proton precipitation
(illustrated in red in Figure 1) presumably is the result of
strongly precipitating magnetospheric protons due to proton
isotropization by the highly stretched field lines in the tail.
This region is separated by the IB [Sergeev et al., 1993] or
the 2i boundary [Newell et al., 1996b] from the equatorward
ring current region, where there is no significant precipita-
tion. During the substorm the magnetosphere reconfigures,
and the IMAGE FUV global proton and electron auroral
images are helpful in tracking how these boundaries move
as a result of the substorm process.
[8] The dynamic behavior of the proton auroras could be

studied only by ground-based observations prior to the
launch of the IMAGE spacecraft. For example, Montbriand
[1971] and Eather et al. [1976] found that diffuse electron
precipitation is collocated with the proton aurora. During the
substorm growth phase the proton aurora moves equatorward
accompanying the development of the ring current. In the
substorm growth phase the diffuse proton aurora lies equa-
torward of the discrete aurora in the premidnight region
[Vallance-Jones et al., 1982]. Samson et al. [1992] observed
that the electron arc, which brightens at substorm onset, is
located within a region of intense proton precipitation, with
energy monotonically increasing with decreasing latitude.
The auroral arc that intensifies at substorm onset often forms
on magnetic field lines that map to within the geosynchro-
nous region [Lyons and Samson, 1992]. Deehr [1994]
showed that in 33 substorms the electron arc that intensifies
at onset is always poleward of the proton arc and that this
configuration is less pronounced toward midnight (MLT).
Deehr and Lummerzheim [2001] showed that at substorm
onset, the breakup electron arc intensification is located
poleward of the center of the proton aurora. According to
Fukunishi [1975], proton auroras are absent in the leading
edge of the expanding substorm auroral bulge in the premid-
night region. At substorm onset the poleward boundary of the
proton aurora can reach near that of the electron aurora
[Vallance-Jones et al., 1982]. From monochromatic all-sky
camera observations, Mende and Eather [1976] found that
the bright part of the westward surge does not contain proton
precipitation and the proton aurora expands poleward to
occupy a large diffuse region poleward of the presubstorm
position. Takahashi and Fukunishi [2001] found from
ground-based observations that the protons expand poleward
with the surge. They also find that there are large Doppler
shifts in the proton aurora at the poleward surge boundary,
suggesting that the protons are highly energetic.
[9] The IMAGE FUV instrument suite obtains global

images of the proton and electron auroras separately and
provides a new tool in mapping the proton precipitation
[Mende et al., 2000a, 2000b, 2000c]. The FUV instrument
consists of three simultaneously operating channels: the
Wideband Imaging Camera (WIC) and the Spectrographic
Imager (SI) channels SI12 and SI13.WIC observes the aurora
in a broad band (140–170 nm) and is sensitive mainly to

LBHN2 and some NI lines. The SI12 channel, one of the two
channels of the SI, images Doppler-shifted HI Lyman alpha
to monitor the global-scale proton precipitation by suppress-
ing the intense (>10 kR) geocoronal Lyman alpha back-
ground, which would otherwise appear as an impenetrable
diffuse background. The third, SI13 channel, has a 5 nm
passband (full width at half-maximum) centered on the
auroral/dayglow OI 135.6 nm line. In addition to this line,
there are two components of LBH, which also lie within the
passband and contribute to the instrument signal. The auroral
emissions in this band are absorbed to a greater degree by
molecular O2 than the emissions sensed by the WIC instru-
ment. The intercomparison of the intensity of the signal in the
SI13 and WIC channels during auroral observation can be
used to provide information about the mean energy of the
precipitating particles [Hubert et al., 2002].
[10] In the presentation of our data we have not made the

appropriate subtraction from the WIC data to remove the
proton-produced emissions. This leaves the data in a format
that is better for comparisons with prior ultraviolet satellite
observations. The quantitative conversion of count rates of
the IMAGE WIC and SI12 detectors was calibrated through
preflight calibrations and normalized through the observa-
tion of stars [Frey et al., 2003]. The calibrations are
summarized in Table 1.
[11] The global view of the entire polar aurora in several

simultaneous characteristic wavelengths permits the perfor-
mance of a superposed epoch analysis of substorms, with a
special emphasis on the role of the protons. Substorms have
been the subject of several prior superposed epoch analyses
[Caan et al., 1975; Rostocker et al., 1984; Samson and
Yeung, 1986] and most recently by Newell et al. [2001].
Newell et al., using POLAR UVI data, studied 390 sub-
storms and calculated the auroral power dissipation during
the substorm events. They investigated the auroral power
dissipation as a function of MLT and found that the most
intense power increase occurred in the premidnight sector
and was a factor of 3.4 during the first 9 min. They found
that the most dramatic energy change was in the vicinity of
the onset, and it became less dramatic for auroras further
away. They found minimal effect on the dayside, except a
slight reduction of auroral intensity perhaps due to the
decrease in magnetospheric electron population [Gorney
and Evans, 1987]. Newell et al. [2001] also found a 10%
reduction in auroral power prior to substorm onset. Due to
the narrowness of the POLAR UVI field of view they had to
use images which were not truly global. Our database from
IMAGE observations is smaller because we only used
images in which the entire auroral oval was visible. Our
analysis of the IMAGE FUVobservations also permitted the
comparison of the protons with the electrons.
[12] Visual observations of the FUV images reveal that

substorms are highly variable and the classic substorm
representing the average behavior [e.g., Akasofu, 1964]
hardly ever occurs. We can expect to see a high degree of
variability in a substorm data set. FUV imagers provide a
truly global view of the auroral precipitation energy input,
and they can faithfully monitor the changes in auroral
precipitation intensity in response to substorms.
[13] Traditionally, indices of the AE and AL family have

been successful in characterizing the state of the magneto-
sphere as related to substorm phases [Weimer, 1994] and
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distinguishing isolated substorms from extended periods of
continuous activity [Sergeeev et al., 1996]. Substorms are
global phenomena very likely to be registered by one of the
magnetic stations used in making the AE index. Unfortu-
nately, AE is subject to several problems including the
position of onset relative to AE stations, the occurrence of
magnetic activity other than substorms, for example, day-
side activity. On the other hand, high-altitude satellite
imagers, which provide several hours of uninterrupted
global viewing, have great advantages in determining the
instantaneous global substorm activity. In the IMAGE FUV
satellite imagery, during quiet times the auroral oval appears
as a narrow, faint, barely discernable ring around the poles,
signifying a state of minimum particle precipitation. Sub-
storm onsets of any magnitude are instantly noted from
sudden brightening from one image frame to the next. The
brightening is usually a spot located near midnight local
time. The brightening is only classified as a substorm if the
brightening expands rapidly in local time and somewhat
slower poleward. In our study, brightenings that were not
followed by a substantial expansion were not classified as
substorms. The overall effect of a substorm is a substantial
increase in the area of the brightly illuminated aurora. In this
state the global precipitation energy flux is many times that
in the presubstorm state. Thus in terms of substorm timing
and the interpretation of instantaneous global energy depo-
sition, far ultraviolet imaging data, such as IMAGE, are
vastly superior to characterization by magnetic indices. The
chances of misidentifying substorms and their onsets from
the FUV data was considered unlikely, and we did not
incorporate magnetic indices into our study, although some
of our events may not look like standard substorms in the Ae

index data.
[14] In summary, there are several significant latitude

boundaries in the magnetosphere which can be related to
precipitating particle boundaries. The IMAGE FUV instru-
ments observe the latitude changes of the electron and
proton boundaries directly during substorms. A superposed
epoch analysis of multiple substorms was performed to
draw statistically significant conclusions about the intensity
changes and boundary motions during substorms.

2. Data Presentation

[15] IMAGE satellite apogee was essentially above the
North Pole during these observations, permitting a long
period of uninterrupted observations in each orbit. A typical
image sequence covering a substorm is shown in Figure 2a.
The figure is a copy of a WIC image sequence displayed on
our website (http://sprg.ssl.berkeley.edu/image/). Note that
in this presentation only every third image is displayed and
an image is shown every 6 min. The substorm onset shown
in Figure 2a actually occurred at 0958, i.e., between the
frames shown at 95507 and 100115. In Figure 2b we show
the WIC frames immediately prior and after onset. The
MLT of onset was 2230.

[16] The intensity of the images during the selected sub-
storms was replotted in a rectangular coordinate system of
ML and MLT frame. The APEX [Richmond, 1995] magnetic
coordinate system was used. In these plots the x coordinate
axis was MLT, the y axis was ML, and the brightness
represented the instrument count rates. Such an ML-MLT
plot was generated from each of the WIC and SI12 images,
representing the global auroral situation every 2 min. For
each substorm a set of ML-MLT plots were made, starting
30 min before onset and ending 2 hours after. There were 112
substorms in the IMAGE data set from 23 June 2000 to
14 May 2001. Some substorms had to be excluded because
they occurred too early in the IMAGE orbit and the field of
view did not provide global coverage. Substorms associated
with large magnetic storms were also excluded. Thus only 91
substorms were included in the final study. A substorm
starts with a sudden initial brightening of a small region
(see Figure 2), and the location of the substorm starting point
was determined in ML and local time.
[17] Figure 3a shows the distribution of the onset points

in latitude. The fact that the distribution is not a smooth
Gaussian is probably due to statistical errors from insuffi-
cient samples. Figure 3b shows the MLT distribution. This
distribution is centered at about 2230 and is fairly symmet-
rical, and all seems to be in very good agreement with what
was expected.
[18] The ML-MLT plots were shifted along the x (MLT)

axis for the superposed epoch analysis until the starting point
of each substorm ended up at the middle of the 24-hour-wide
MLT frame. In the resulting plots the x coordinate represented
the relative MLT (RMLT) related to the local time of sub-
storm onset. In these presentations all substorm onsets were
therefore relocated to RMLT = 0.
[19] A double Gaussian function was chosen to represent

the latitude distribution of the auroral intensities because the

Table 1. IMAGE FUV WIC and SI12 Count Rates for 1 mW/m�2

Precipitated Energy for Typical Particles

Particle Type WIC Counts SI12 Counts

Electrons 5 keV mean energy 354 NA
Protons 8 keV mean energy 527 27

Figure 2. (a) Example of thumbnail images of a typical
substorm that occurred at day 193, 2000, 0958 UT, as seen
by the WIC camera. These are from the website http://
sprg.ssl.berkeley.edu/image/. (b) WIC images immediately
before and after substorm onset.
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global auroral display can frequently be a double oval [e.g.,
Elphinstone et al., 1996]. This Gaussian was then fitted to
the latitude distribution of the data at RMLT of �4, �2, 0,
+2, +4 hours by representing the image intensity, I, as a
function of ML or the y coordinate. The fitted function was
of the form:

I ¼ a0e
� y�a1=a2ð Þ2=2 þ a3 þ a4yþ a5e

� y�a6=a7ð Þ2=2:

[20] The coefficients a0 and a5 represent the amplitude of
the two Gaussians, respectively. Similarly, a1 and a6 show
the latitude center of the peak of each Gaussian, and a2 and
a7 show the associated width of the Gaussian peaks. The
linear terms a3 and a4 represent backgrounds and residual
airglow, respectively. A new version of Gaussfit was devel-
oped from the information on the University of Wisconsin
websitehttp://cow.physics.wisc.edu/~craigm/idl/fitting.html.

The new algorithm seems to work better than the regular
IDL-curve-fitting routines. It should be noted that a Gaussian
fitting process was used recently in analyzing ground-based
CANOPUS data by Friedrich et al. [2001].
[21] The fits provided an analytic description of the

latitude intensity profile of the aurora at any RMLT. The
representation of the data in the double Gaussian analytic
form permitted the finding of additional parameters in
addition to the fitting parameters. The first parameter is
the maximum intensity of the double Gaussian, which is
the maximum of the sum of the two Gaussian component
functions. Thus the value and position of this maximum
depends on the relative size and position of the two peaks
in the double Gaussian. Thus the following parameters
were obtained: (1) the maximum intensity of the double
Gaussian function (not including the constant and linear
terms), (2) the latitude of this combined maximum with an
accuracy 1/10 of a degree, (3) the preonset combined
maximum intensity averaged from 30 to 12 min before
substorm onset, namely, from the first 10 images used for
each substorm, (4) the presubstorm average of the latitude
of the peak from 30 to 12 min before onset, (5) the
boundaries consisting of the furthest equatorward and
poleward points at which the fitted double Gaussian
function is above one half of the preonset time average
of the intensity, (6) the width of the aurora by subtracting
the lower from the upper boundary, and (7) the preonset
average width of the aurora from 30 to 12 min before
onset used for the criterion in (5). Note that it is possible
that at some UT the combined maximum intensity (1) may
be less than half the preonset combined maximum inten-
sity (3), in which case we cannot obtain a latitude value
for the boundaries (5).
[22] By selecting a particular RMLT, for example, RMLT

= 0 (MLT of substorm onset), we can plot the latitudinal
profile of the intensity as a time series. This was done in
Figure 4 for the input data for WIC (top left) for the
Gaussian fit of the same data (top right) and for the SI12
data (bottom left) and the Gaussian fit (bottom right) for a
substorm which occurred on day 193, 2000, at 0958 UT.
The format is identical to the auroral latitude, time, intensity
plot format introduced some years ago as a Keogram
[Eather et al., 1976]. In general, the Gaussian fits on the
right are extremely good representations of the original data
on the left. In a prior paper (S. B. Mende et al., Global
imaging of proton and electron aurorae in the far ultra
violet, submitted to Space Science Reviews, 2003) a con-
ventional single peak Gaussian fit was used, and the type of
comparison shown in Figure 4 showed substantial discrep-
ancies between the original and the fitted data. In the new
double Gaussian case, Figure 4 shows that fits essentially
reproduce all the features of the original data. The WIC data
in Figure 4 show the substorm onset brightening distinctly
at t = 0. The top title of Figure 4 states that RMLT = 0,
which indicated that the Keogram plot was made at the
MLT meridian of the substorm onset. It is interesting to note
that there is substantial proton precipitation prior to sub-
storm onset and because of this the intensity increase is
considerably less dramatic in the SI12 data (bottom).
[23] In Figure 5 we present typical plots for the same

substorm which was depicted in Figures 2 and 4, with the
onset time of year 2000, day 193, 0958 UT. The plots start

Figure 3. (a) Frequency of occurrence of onset ML.
(b) Frequency of occurrence of onset MLT.
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30 min prior to substorm onset or 0928. All plots in
Figures 4 and 5 were made at RMLT of zero, i.e., on the
meridian of the substorm onset. The top left is the WIC
peak intensity plot, as derived from the Gaussian coeffi-
cients. The substorm onset is indicated by a sudden
enhancement from 1000 to 6000 counts in the WIC signal
at T = 0. The top right is the same plot but for the SI12
proton precipitation, and in this example, a short-lived
increase of a factor of almost 5 is seen. This is unusually
high for proton intensification in a substorm. As discussed
above, the latitude boundaries were identified as the
furthest equatorward and furthest poleward points at which
the fitted double Gaussian function is above one half of
the preonset intensity. The bottom left plot represents the
latitude boundaries for WIC, plus for the poleward and
asterisk for the equatorward boundary. The aurora narrows
down significantly just prior to onset and undergoes a
substantial poleward expansion post onset. It is interesting
that there is a substantial equatorward movement of the
lower latitude boundary after onset and the oval widens
substantially as a result of the substorm. The bottom right
plot is the same type of presentation for the protons as
represented by the SI12 data. There is a brief narrowing of
the proton precipitation just before onset. There is also a
significant equatorward movement post onset.
[24] Having presented an individual case, we will now

discuss the results in terms of the time history of the mean

substorm parameters. These parameters are the Gaussian
parameters a0, a1, a2, a5, a6, and a7 and other quantities
derived from them, for example, the boundaries of the
precipitation, as defined previously. Figure 6 shows the
WIC intensity mean for all the substorms.
[25] According to this data set the WIC intensity, aver-

aged over the substorms, at onset (MLT = 0, solid black
line) jumps from about 800 to 4000 AD units. The average
of the WIC intensity reaches its peak in less than 5 min after
onset, after which it decays exponentially with a time
constant of about 60 min. At RMLT = �4 (4 hours
duskward of onset, �4 red solid line) and at RMLT = 4
(4 hours dawnward of onset 4 blue dot-dash line) the
substorm response is moderate and gradual. The curve
representing 2 hours duskward of onset (RMLT = �2
yellow dotted line) has a somewhat larger response than
the 2 hours post onset (green dot-dashed line). The intensity
of the aurora is greatly variable from one substorm to the
next; nevertheless, the average temporal profile of the
intensity variation is relatively constant from one substorm
to the next, and the curves shown in Figures 6 and 7
represent a good average.
[26] A superposed epoch analysis of substorm AE and

AL indices [Weimer, 1994] showed that the substorm
currents reach peak activity 15 min after onset and decay
with a time constant of 1.78–2.42 hours, depending on the
intensity of the substorm. The WIC curves in Figure 6 show

Figure 4. Keogram presentation of a typical substorm shown in Figure 2. Top left, original WIC data in
Keogram format; top right, the double Gaussian fit of the same; bottom left, SI12 data in Keogram
format; and bottom right, the SI12 Gaussian fit.
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a large dependence on the MLT position. At onset MLT the
response is rapid, the precipitation reaching its peak within
�5 min of onset. Separated by 4 hours of MLT from the
onset shows a modest rise of the precipitation intensity,
taking about 30 min. Boralv et al. [2000] analyzed the

response of dawn and dusk electrojets to the substorm onset.
Their analysis suggests that the dawn/dusk electrojets re-
spond rapidly (<4 min) to the substorm onset. They con-
clude that the rapid propagation of information from
midnight to dawn and dusk has to be due to electric fields

Figure 5. Plots for the substorm (Figures 2 and 4 time of year, 2000, day 193, 0958 UT). Each plot
starts 30 min prior to substorm onset (0928). Plots were taken at RMLT = 0 at the MLT of the substorm
onset. The WIC peak intensity plot, as derived from the Gaussian coefficients (top left); the SI12 peak
intensity (top right); WIC upper and lower boundaries (bottom left); and SI12 upper and lower
boundaries (bottom right).

Figure 6. WIC intensity means at different RMLTs are
�4, �2, 0, 2, 4 at 20, 22, 00, 02, 04 RMLT, respectively. Figure 7. SI12 intensity mean at different RMLT.
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and not due to precipitation. Our observations of the slow
propagation of the precipitation region to the dawn and dusk
regions support their suggested mechanism. The decay
constants of all the curves in Figure 6 are <1 hour, which
is much faster than those shown by Weimer [1994].
[27] In Figure 7 we have plotted the SI12 mean intensi-

ties. The SI12 count average doubles at substorm onset
MLT and has about the same decay time constant as the
WIC. The MLT = �2 plot has a slight positive trend before
onset. MLT = 2 seems to show a drop before the time of
onset, otherwise it is similar to MLT = �2. The symmetry
does not apply to the MLT = �4 and 4 pair.
[28] The upper and lower latitude boundaries for WIC are

plotted in Figure 8. The various RMLT regions �4, �2, 0,
2, and 4 were plotted on the same graph with the legend of
�4 (red solid), �2 (yellow dotted), 0 (black solid), 2 (green
dash-dotted), and 4 (blue dash-dotted lines), respectively.
There are two curves per RMLT showing the poleward and
equatorward boundaries.
[29] Before the onset time of T = 0 all MLT regions are

showing an equatorward motion of the poleward boundary.
As expected, the fastest response is seen in the MLT = 0 plot
at the MLT region of substorm onset. Fairly quick response
is seen in the MLT = �2, although the boundary motion is
less. The upper boundary at MLT = 2 shows a large
poleward motion with about a 5-min delay. The upper
boundary responds minimally to substorm at MLT of �4.
The response of the boundary at the MLT = 4 is sluggish,
but there is still a change of 4� of latitude. The lower
boundary responses are quite similar at all MLTs, except
that they are slightly offset from each other showing that the
premidnight MLTs (�4 and �2) are higher in latitude.
These offsets reflect the result of the shape of the symmet-
rical auroral oval which is most equatorward at magnetic
midnight. On average, substorms occur 1 or 2 hours prior to

magnetic midnight, and if the auroral oval reaches the
lowest latitude before midnight, then the most equatorward
plot on average should be RMLT = 2 (MLT � 0), followed
by RMLT = 0 (MLT � 2200) and RMLT = 4 (MLT � 02),
and then followed by RMLT = �2 (MLT � 20) and then
RMLT = �4 (MLT � 18).
[30] Figure 9 shows the SI12 boundaries the same way as

we presented them for WIC in Figure 8. The SI12 curves
(Figure 9) show a general similarity to the WIC curves. First,
in the case of the poleward boundaries, there is a greater
symmetry between the RMLT = 4 and RMLT = �4 curves
and also for the case of RMLT = 2 and RMLT = �2 during
preonset than in the WIC data. All five poleward boundary
curves show equatorward movement prior to substorm onset,
consistent with the concept of growth phase. At the onset we
can also see similarities to the WIC data. The most sudden
poleward jump of the poleward boundary occurs at RMLT =
0. The RMLT = 2 and RMLT = �2 curves respond much
more gradually, and the RMLT = 4 and RMLT = �4 curves
respond minimally. The magnitude of the poleward jump of
the poleward boundaries is more modest in the SI12 case than
in the WIC case. For example, the WIC poleward movement
is about 7� at RMLT = 0, while it is only 3� for the SI12.
[31] The response of the proton (SI12) equatorward

boundary is relatively modest to the substorm. The largest
effect is seen at RMLT = 0. Surprisingly, this curve shows a
continuation of the equatorward motion immediately after
onset, and only because of this initial equatorward excursion
we see a relatively large poleward movement post onset.
Unlike in the WIC data the symmetry of the pre- and
postonset RMLT curves are seen with respect to the
RMLT = 0 region. In the WIC data the symmetry was about
RMLT = 2. All five curves show slow equatorward move-
ment presubstorms, which is in good, qualitative agreement
with the idea of the movement of the IB due to tail stretching.
[32] For ease of comparison, the WIC (electron auroral)

and SI12 (proton auroral) boundaries are presented on the
same plot in Figure 10 for RMLT = �2, 2, 0, �4, and 4,
respectively. At RMLT = 0 the upper boundary curves show
that before onset both proton and electron auroras move

Figure 8. The latitude of the upper and lower latitude
boundaries for WIC. RMLT regions �4, �2, 0, 2, and 4
were plotted on the same graph with the legend of �4 (red
solid), �2 (yellow dotted), 0 (black solid), 2 (green dash-
dotted), and 4 (blue dash-dotted lines), respectively. Two
plots per RMLT shows the poleward and equatorward
boundaries.

Figure 9. The latitude of the upper and lower latitude
boundaries for SI12.Nomenclature is the same as for Figure 8.
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equatorward. Preonset, the proton poleward auroral bound-
ary is equatorward of the electron boundary. At onset the
electron boundary is still slightly poleward of the proton
boundary. After onset, as the poleward expansion pro-
gresses, the protons expand more rapidly and almost catch
up with the electrons. However, 10 min into the substorm
process the electrons lead the protons by 1.5�–2� of

latitude. This scenario is exactly the same as the one
described byMende et al. [2001] using one single substorm.
The lower electron and proton boundaries also move
equatorward preonset. This movement continues in the first
5–10 min after substorm onset, until the SI boundary moves
poleward leaving the WIC boundary in the same position.
The situation in which the SI12 (proton) equatorward

Figure 10. WIC (electron auroral) and SI12 (proton auroral) boundaries are presented on the same plot.
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boundary stays poleward of the WIC (electron) boundary
seems to persist for quite some time (100 min) post sub-
storm onset.
[33] The RMLT = �4 case (Figure 10) shows the

premidnight situation in which the bulk of the electron
precipitation is a few degrees poleward of the protons
[Eather and Mende, 1972]. All curves are more or less
parallel with each other. There is a slight modulation of all
the curves at substorm onset and thereafter, but there is no
crossover of the boundaries. Figure 10 shows the RMLT =
�2 boundary curves which are quite similar to the ones at
RMLT = �4, except that the SI12 inner boundary is
largely coincident with WIC at this RMLT. The upper
boundaries are quite similar except that they are separated
by 2�–3�. The latitude movement is more noticeable. The
RMLT = 2 (Figure 10) curves are more reminiscent of the
RMLT = 0 curves, showing significant preonset equator-
ward motions of both upper and lower boundaries. They
both show strong poleward substorm expansion after
onset. The equatorward boundary at RMLT = 2 shows
the proton boundary poleward of the electrons in almost
all phases of the substorm. RMLT = 4 also shows this
interesting reversal of the offsets, where all the proton
boundaries are poleward of the electron boundaries except
at the expansion phase where the two poleward boundaries
coincide. The following observations can be made: (1) The
poleward boundary of the electron aurora is poleward of
the protons boundary prior to onset at all RMLT except
RMLT = 4. (2) The equatorward boundary of the electron
aurora is poleward of the proton boundary at RMLT = 0
and all evening locations, RMLT = �2 and �4, and is
reversed for morning locations (RMLT = 2 and RMLT = 4).
(3) Just prior to onset both higher and lower boundaries
proceed equatorward. (4) After the onset, at RMLT = 0,
the electron and proton upper boundaries expand poleward
and the proton upper boundary momentarily catches up
with the electron boundary and becomes collocated with it.
However, in the following few minutes the electron
poleward boundary leaves the proton one behind. (5) The
largest poleward expansion on the dawnside of RMLT = 0
takes place at RMLT = 2, and the expansion is quite
moderate at all other RMLTs, including RMLT = �2. This
is somewhat surprising because our expectation was that
the westward traveling surge (WTS), a prevalent feature of
substorms, would manifest itself frequently by showing a
significant poleward jump of the aurora in the premidnight
local time region. We believe that our results show that the
poleward jump of the aurora is actually quite modest in the
local time region that lies 2 hours duskward from onset
and the WTS is more explicitly seen in the east-west
(dawn-dusk) rather than in the latitudinal propagation of
the bright substorm region.
[34] The poleward expansion of the electron aurora

reached about 3.5� in 5 min, and a total expansion was
5.5� in an hour. The protons expanded about 2.5� in 5 min
and about 3� one hour after onset.
[35] The width of the aurora for the five RMLT regions

was plotted in Figure 11. The width is the distance between
the upper and lower boundaries presented in Figure 10. In
Figure 11, at RMLT = 0, we see a slight narrowing of the
auroras just prior substorm onset. The expansion in width is
most pronounced at RMLT = 0 and RMLT = 2. AT RMLT =

�4 we are generally too far toward dusk to see any
substorm effects and the WIC data (electrons) are a great
deal wider than that of protons. As expected at RMLT = �2
there is a substorm response of widening the auroral
regions. In the postonset RMLT region we get a substantial
response in the WIC data, especially at RMLT = 2. At
RMLT = 4 the WIC data are much more slowly rising and
there is only a minimal SI12 response due to the protons.
The RMLT = �2 curves show similar widening in protons
and electrons, except that the proton auroral regions are
narrower.
[36] Based on the curves presented in Figure 11 we can

draw the following additional conclusions: (6) Preonset, the
proton aurora has a slightly narrower latitude width than the
electrons. (7) After onset both auroras widen in latitude and
for a short period the proton precipitation region becomes
just as wide as the electron one at RMLT = 0. (8) After
about 10 min the electrons’ latitudinal expansion overtakes
that of the protons and it becomes the wider of the two.
(9) There is more activity at RMLT = 2 than at RMLT = �2,
showing a bias toward greater auroral activity on the side
dawn of the onset MLT.
[37] The latitude of the peak of the fitted distribution was

plotted in Figure 12. At all RMLTs the latitude movement of
the peak emission is minimal in response to the substorm.
This means that during the substorm poleward expansion
there is a substantial widening of the auroral regions rather
than a latitude motion of the peak. All curves, but the
RMLT = 0, have minimal responses at T = 0. The curves
depicting auroral behavior duskward of onset (RMLT = �4,
RMLT = �2) and at onset (RMLT = 0) show that the
electron precipitation peak is poleward of the proton peak.
However, dawnward of onset (RMLT = 2 and RMLT = 4)
the protons are on the poleward side of the electrons.

3. Discussion of the Superposed Epoch Analysis
Results

[38] It is important to discuss the validity of our con-
clusions with respect to their statistical significance. Our
method consisted of fitting a double Gaussian function of
intensity versus latitude to each individual data set. From
the Gaussian fits we took the various parameters like
intensity or location of the Gaussian peak and averaged
them. The discussion regarding the intensities (Figures 6
and 7) is straightforward since they simply represent the
average of the intensity of all data sets. The most significant
questions are whether the sample set was large enough and
how typical was the chosen period. We had 91 substorms
randomly selected in the period of about 1 year, starting in
June 2000. Our results are therefore a truly representative
sample near solar maximum. We have also discussed the
latitude boundaries as a function of local time and compared
the boundary location of proton and electron precipitation.
The reliability of our analysis in making this comparison
might be a little more complex. To pursue this, the r.m.s.
deviations of all points representing the mean boundaries
were plotted for all RMLTs in the range from �30 to
+120 min of substorm epoch time. These r.m.s deviations
scattered between 2.5 and 4.0 latitude degrees for all
RMLTs, with no trend with substorm epoch analysis time.
Assuming a Gaussian distribution about the mean, the
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standard deviation of the mean would be the r.m.s deviation
divided by the root of the number of measurements (91).
This results in a mean square deviation of the mean latitude
of 0.5�. The smoothness of the curves in Figures 8–12 is
consistent with these calculated deviations. In summary, the
curves and their intrinsic fluctuations are truly representa-
tive of the statistical trends.

[39] In our discussion we also compared the trends in our
data with similar prior results in the literature. Reasonable
agreement with prior results gave us additional confidence
that the new findings were also statistically significant. It
should be noted that some of the latitude scatter discussed
above was simply due to scatter of the substorm onset point
(Figure 3a). We considered eliminating this uncertainty by

Figure 11. The width of the aurora for the five RMLT regions. The width is the distance between the
upper and lower boundaries presented in Figure 9.
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normalizing each substorm Keogram to a single onset
latitude, say, 67�. However, this approach was rejected
because this would have meant adding a linear latitude
offset to each substorm data set and latitudes were consid-
ered to be intrinsically nonlinear. Greater latitudes map
nonlinearly to larger magnetospheric volumes, and such
normalization procedure was considered an undesirable
distortion of the substorm observations.

[40] The substorm onsets were identified with timing
accuracy restricted by the 2-min image-taking cadence of
the IMAGE satellite. The intensity of the WIC data,
representative of precipitating particle fluxes, on average,
increased a factor of 4.8 from presubstorm to postsubstorm
onset values at RMLT = 0. Newell et al. [2001] observed the
premidnight total auroral power increase of a factor of 3.4.
In this work we did not specifically calculate the power

Figure 12. The latitude of the peak of the aurora for the five RMLT regions.
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increase; however, it appears to be larger at the onset local
time sector because if we had multiplied the intensity
increase of 4.8 in Figure 6 with the auroral width increase
of �2.5 in Figure 11, we would obtain a factor of �12. In
the other local time sectors the increase is considerably
smaller.
[41] The proton average intensity increased about a

factor of 2 at RMLT = 0 (Figure 7). It should be noted
that the increase in protons appears moderate because of
the relatively large fluxes present prior to the onset. The
SI12 auroral width increased from 4� of latitude to about
7�. Thus the total power of the precipitated protons
increased a factor of 3.5 at RMLT = 0. At other RMLT
regions the increase was less. Since there are no other
superposed epoch analyses using proton auroral substorms,
we might try comparing our results with those of Birn et
al. [1997], who also used the technique of superposed
epoch analysis of dispersionless injection in synchronous-
altitude particle data. Dispersionless ion injections occur
simultaneously with substorm onsets [e.g., Eather et al.,
1976]. Birn et al. [1997] found minimal enhancement in
the low-energy ion component, but the energetic ions
(above 30 keV) contributed significantly, and an average
ion temperature enhancement from �10 to 16 keV was
seen. These increases were assumed to come from an
added new population. In summary, the Birn et al. [1997]
synchronous-altitude satellite data do not show sufficient
enhancement to account for our observed factor of 2
proton auroral intensification.
[42] In Figures 8, 9, and 10, we presented the poleward

and equatorward boundaries of the precipitation. As we
have stated before, these boundaries are defined as the
latitude where the intensity is 50% of the preonset auroral
intensity. This definition attempts to locate the latitude
boundary of the relatively weak diffuse precipitation
rather than the boundaries of the postsubstorm bright
features.
[43] Our superposed epoch analysis is consistent with

previous observations, which place the dusk local time
average of the electron precipitation to a higher latitude
than the mean of the protons prior to substorm onset in the
premidnight region. Figure 10 shows this to be true for all
duskward cases, RMLT < 0. However, it is most interest-
ing that the equatorward boundaries dawnward, at
RMLT > 0, are reversed and the electrons stretch more
equatorward than do the protons. This reversal is also
evident looking at Figure 12, the mean latitude of the peak
intensity. The onset and duskward cases, RMLT = 0, �4,
and �2, show the proton peak equatorward of the elec-
trons. However, the dawnward cases RMLT = 2 and
RMLT = 4 are reversed, and the electron peak is equator-
ward of the protons. It is worth remarking that this dawn-
dusk latitudinal offset of the protons and electrons is in the
same sense as the region 1 and region 2 field-aligned
currents. Thus the current carried by the precipitating
protons and electrons is qualitatively consistent with the
region 1 and region 2 distributions.
[44] Our observations qualitatively support the concept

that the equatorward boundary of the proton aurora is the IB
[Sergeev et al., 1993] and that this boundary moves equa-
torward before onset in the substorm growth phase. How-
ever, this motion is only 1�–2� of latitude.

[45] The topological implications of this is that the
auroral breakup occurs in the region of the proton precip-
itation that is in the region of closed field lines [Deehr,
1994; Mende et al., 2001] and by implication in our
region 2. This was illustrated in Figure 1 as the white spot
in the intense proton precipitation region (red). At the onset
MLT region (RMLT = 0), after onset in the initial minutes of
the expansion phase, the two WIC and SI12 averages
expand poleward together. This is the same as was found
earlier [Takahashi and Fukunishi, 2001; Mende et al.,
2001]. At first the protons catch up with the electrons, but
after a few minutes the electrons proceed to expand further
than the protons.
[46] As a summary, we can associate the various average

auroral boundaries with boundaries of magnetospheric
regions (Figure 1.) The lowest boundary is where we start
seeing the proton precipitation as we go to higher latitudes.
In the presubstorm conditions this is the IB. Indeed, during
the preonset period (Figure 10) the inner boundaries of
protons and electrons approximately coincide at RMLT = 0
and RMLT = �2 values. Preonset, they both move equa-
torward in agreement with what we expect from growth
phase dynamics. However, at onset this equatorward motion
seems to continue, and it is only after some minutes after
substorm onset that the IB, seen in the proton boundary,
tends to move poleward as part of the dipolarization
process. There is a substantial incursion of electrons well
inside the proton-designated IB boundary at the onset and
dawnward sectors (RMLT = 0, RMLT = 2, and RMLT = 4).
We believe that this precipitation represents newly ener-
gized electrons which drifted in the dawn direction, reach-
ing regions deep inside the magnetosphere. Since these
electrons are located relatively close, on dipolar field lines,
their precipitation is most likely to be driven by wave
particle interactions. This is consistent with the diffuse
and pulsating nature of the auroras seen in the postsubstorm
dawn sector.
[47] The next boundary is the poleward proton precipita-

tion boundary. This seems to expand poleward rapidly at
onset and at RMLT = 2. At RMLT = �2 and RMLT = �4
the poleward expansion is much more gradual.
[48] The electron and proton substorm expansion dynam-

ics is most interesting. From our data it appears that the
electron and proton poleward expansion is nearly simulta-
neous immediately after onset and later the protons are left
behind by the electrons as the expansion proceeds. Several
prior studies found that there is an absence of protons in the
surge [Akasofu et al., 1969; Fukunishi, 1975; Mende and
Eather, 1976], while there was intense proton auroral
precipitation inside the bulge behind the surge [Oguti,
1973; Soraas et al., 1974; Fukunishi, 1975; Mende and
Eather, 1976]. Takahashi and Fukunishi [2001], on the
other hand, find intense and highly Doppler-shifted hydro-
gen precipitation in the surge. It should be noted that all of
the above observations rely on visible light faint Balmer b
measurements in the presence of intense substorm aurora
that can easily be contaminated by instrumental (filter)
effects. Since most of the charge exchange yielding hydro-
gen auroral emission occurs when the protons have lost
most of their energy, Doppler shift is a relatively insensitive
measure of the primary energy of the proton precipitation.
Therefore it is surprising that large Doppler shifts of the
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mean wavelength of the proton aurora do occur [Takahashi
and Fukunishi, 2001]. The poleward electron surge most
often consists of Alfven-wave-accelerated ionospheric elec-
trons [Mende et al., 2003]. These electrons are produced by
the Alfven waves caused by the magnetic field change that
is accompanied by the sudden inflow of protons from the
neutral sheet. It seems that in the early part of the substorm,
directly after onset, the injected protons have sufficient
energy density that they are competitive in intensity with
the electrons. As the substorm proceeds the protons are
accelerated and compressed to a lesser degree, and although
they are present in the satellite data [Mende et al., 2003],
they are not intense enough to be seen optically by IMAGE.
One can argue that energy storage of the outer field lines is
less and the subsequent proton acceleration slows down as
dipolarization proceeds. Since the surge electrons are ac-
celerated as the waves propagate through the ionosphere,
these electrons might be a great deal less dependent on the
energy storage on the field line. As the substorm expansion
proceeds poleward, the electron precipitation remains rela-
tively constant, while the protons fade because less energy
is available from dipolarization. Thus in the early phases we
see the proton precipitation expanding with the surge
electrons and in later phases they do not seem to be present
in the leading edge of the substorm surge.

4. Conclusions

[49] From the superposed epoch statistical analysis we
were able to draw conclusions, and some of these conclu-
sions were consistent with prior observations, demonstrat-
ing the validity of our approach. The conclusions listed
below were drawn from the mean parameters of our 91 case
substorm study, and therefore they have considerable sta-
tistical validity.
[50] 1. Our statistical analysis showed that in an average

substorm the large-scale distribution of precipitating electron
and proton auroras is mostly affected in the onset region. The
strong electrojet currents away from the onset region [e.g.
Boralv et al., 2000] must be the result of increased electric
fields rather than conductivity enhancements.
[51] 2. Prior to substorm onset, higher-latitude and lower

latitude boundaries for electron and proton precipitation
proceed equatorward, consistent with field line stretching
during growth phase.
[52] 3. Although auroral fading, or preonset decrease of

intensity, was seen by others in individual substorm cases
[Pellinen and Heikkila, 1978], we have not seen any
reduction in the peak intensity. A narrowing of the aurora
is seen before onset, which is a reduction of the global
auroral power [Newell et al., 2001].
[53] 4. Regardless of substorm phase, the proton aurora is

displaced equatorward of the electron aurora for dusk local
times (RMLT = �4), and it is poleward for dawn local times
(RMLT = 4). The current carried by the precipitating
protons and electrons has the same sense and displacement
as the region 1 and region 2 field-aligned currents. For
example, the equatorward boundary of the electron aurora is
poleward of the proton equatorial boundary at the onset
MLT (RMLT = 0) and the duskward locations, (RMLT = �2
and RMLT = �4) and is reversed for dawnward locations
(RMLT = 2 and RMLT = 4).

[54] 5. At onset the peak intensities of the electron and
proton auroras increase by a factor of 4.8 and 2, respectively.
[55] 6. After onset, at onset MLT (RMLT = 0), the

electron and proton upper boundary expand poleward and
the proton upper boundary momentarily catches up with the
electron boundary and they are temporarily colocated. After
about 10 min the electrons’ latitudinal expansion overtakes
that of the protons’ and the latitude width of the electrons
also becomes a great deal wider than the protons.
[56] 7. The preonset equatorward movement of the elec-

trons’ and protons’ lower latitude boundaries continues for a
few minutes after onset, at all MLTs (RMLTs).
[57] 8. The largest poleward expansion takes place at

onset location, at RMLT = 0. The next largest is at 2 hours
MLT dawnward (at RMLT = 2), and the expansion is quite
moderate at all other MLT, including at 2 hours MLT
duskward of onset (RMLT = �2). Thus the mean activity
seems to have a dawn bias.
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