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[1] The timescales and phases of auroral substorm activity are quantified in this study
using the hemispheric power computed from Polar Ultraviolet Imager (UVI) observations.
With this approach we are able to determine substorm phase self consistently from the
UVI optical measurements without needing any ancillary metrics for auroral activity. This
technique also allows us to combine a quantitative measurement of substorm timescales
with the qualitative description of auroral morphology during each event. We show how
the characteristics of substorms vary with IMF B orientation and season for several
hundred substorm events. Substorm intensity, as measured by the rate of energy deposition
by electron precipitation, exhibits greater variation with IMF By orientation than with
season. The timescale of substorm expansion shows comparable variation with both IMF
B orientation and season. On the other hand, substorm recovery times vary more strongly
with season than with IMF B direction. The recovery time for substorm activity is
well ordered by whether or not the nightside auroral region is sunlit: substorms occurring
in the winter and equinox periods have similar recovery timescales which are both roughly
a factor of two longer than that for summer when the auroral oval is sunlit. However,
IMF B orientation is shown to have a strong modulating effect on both substorm
expansion and recovery timescales during the summer. The winter-summer asymmetries
in the aurora described by previous studies are more completely explained by the seasonal
variations of substorm recovery timescales characterized in this work. Our results support
the hypothesis that the ionosphere plays an active role in governing the dynamics of
the aurora. INDEX TERMS: 2704 Magnetospheric Physics: Auroral phenomena (2407); 2788
Magnetospheric Physics: Storms and substorms; 2431 Ionosphere: Ionosphere/magnetosphere interactions
(2736); 2455 lonosphere: Particle precipitation; KEYWORDS: substorms, timescales, conjugacy, season, aurora
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poleward extent over timescales ranging from 30 minutes
to about three hours. It should be stressed that the substorm
description established by Akasofu [1964] distilled a large
number of events into an average picture of the substorm
sequence and the timescales associated with each phase.
Individual auroral intensifications on the other hand exhibit
a high degree of variability in their intensity as well as their
expansion and recovery times. Quantifying the variability in
these timescales is an essential task in further sorting out
and understanding the physical processes underlying sub-
storm phenomena.

[3] With its roots in the visual phenomenology of the
aurora, the description of substorm timescales has remained
largely qualitative since the work of Akasofu [1964] with
some notable exceptions. Pi2 magnetic pulsations associated

1. Introduction

[2] The generic timescales of auroral substorms were
described by Akasofu [1964] using a network of all-sky
cameras in the auroral zone. In this seminal paper [4kasofu,
1964] established the characteristics of the average sub-
storm with two distinct phases. In the expansion phase, a
quiet auroral arc near magnetic midnight suddenly intensi-
fies in brightness and rapidly moves toward the geomag-
netic pole and outward in local time (longitude) over a
period of tens of minutes at a rate of a few kilometers per
second. The recovery phase begins once the substorm bulge
dims and begins to retreat equatorward from its most
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with impulsive magnetic field dipolarizations are com-
monly used to mark the onset of substorms [e.g., Saifo,
1969; Pytte et al., 1976, Takahashi et al., 1995]. Weimer
[1994] was one of the first to quantitatively examine the
timescales of substorms, particularly those associated with
substorm recovery. Weimer [1994] showed that the auroral
electrojet (AE) index follows an exponential decay curve
and attributed the characteristic substorm decay time to the
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fading of the westward electrojet. Weimer [1994] did not
find a large variation in the values of the substorm decay
(recovery) times which were on the order of 30 minutes. A
slight trend of shorter decay times for larger substorms (with
larger AE values) was found but no other variation was
discussed.

[4] The results of Weimer [1994] are extended in this
study in which we quantify auroral substorm timescales
using the hemispheric power derived from Polar Ultraviolet
Imager (UVI) [Torr et al., 1995] measurements. We dem-
onstrate that the exponential decay of the hemispheric
power following an auroral substorm expansion provides
a characteristic timescale, T, for substorm recovery. This
approach is advantageous because we can quantify sub-
storm phase self consistently from the UVI optical measure-
ments without needing any ancillary metrics for auroral
activity such as the AE index. This technique also allows us
to more precisely relate our quantitative measurement of
substorm timescales with the qualitative description of
auroral morphology during each event. We examine how
substorm time scales vary with interplanetary magnetic field
(IMF) orientation and season.

[s] We examine the IMF B, orientation as a relevant
factor in controlling substorm timescales for the following
reasons. During periods of southward IMF (negative IMF
By) magnetospheric convection is expected to be stronger in
comparison to times when the IMF B; component is
positive (northward). The effect of these two magnetospheric
configurations on substorm timescales can thus be evaluated.
The IMF Bz component orientation is also important for
two interpretations of activity associated with substorms:
directly-driven phenomena and loading-unloading activity
[Rostoker et al., 1987; Rostoker, 1996]. In the former, a
southward IMF condition leads to greater coupling between
the solar wind and the magnetosphere presumably through
enhanced dayside merging. Variations in the solar wind
energy inputs are then directly manifested in the magneto-
sphere without inductive storage in the magnetotail. On the
other hand, energy derived from the solar wind can also be
inductively stored in the magnetotail field under southward
IMF conditions (loading) and impulsively released into the
auroral ionosphere and inner-magnetosphere during sub-
storms (unloading). The unloading of magnetotail energy
has been associated with northward turnings of the IMF
which is often cited as a trigger for substorm expansion
[Caan et al., 1977; Rostoker, 1983; Lyons et al., 1997].

[6] Our investigation into the seasonal variation of sub-
storm timescales is motivated by a growing body of
evidence establishing a seasonal asymmetry in the global
characteristics of the aurora whereby discrete auroral forms
are suppressed in a sunlit ionosphere. This has been shown
using both spacecraft measurements of precipitating elec-
tron energy flux [Berko and Hoffman, 1974; Newell et al.,
1996] and auroral imaging techniques [Petrinec et al., 2000;
Liou et al., 2001; Shue et al., 2001; Chua, 2002]. A
thorough review of seasonal variations in the aurora is
given by Newell et al. [2001a] who left open the question
of how the dynamics of substorms are affected by seasonal
variations. Previous studies of seasonal variations in the
aurora have focused on how the spatial structure and
intensity of discrete aurora change with varying levels of
solar insolation or ionospheric conductivity. We will focus
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on the seasonal dependencies of the temporal variations and
timescales of auroral activity which have not been previ-
ously addressed in this context. One objective of this study
is to further evaluate the hypothesis that ionospheric con-
ductivity plays a major role in the large-scale dynamics of
the aurora.

2. Substorm Phases Defined by
Hemispheric Power

[7] One of the primary quantities derived from Polar UVI
auroral images is the precipitating electron energy flux. The
method used to infer the incident electron energy flux from
Polar UVI images has been described in detail by Germany
et al. [1994, 1998] and it will only be briefly summarized
here. Polar UVI observes the Lyman-Birge-Hopfield (LBH)
band of ultraviolet auroral emissions arising from electron
impact excitation of N,. In addition to the aurora, thermo-
spheric airglow also contributes to the UVI images. These
emissions are caused by photoelectrons produced by solar
EUV radiation as well as resonantly scattered solar FUV
photons. Quantitative analysis of the auroral emissions
observed by UVI requires the subtraction of these airglow
emissions. Following a procedure similar to that described
by Lummerzheim et al. [1997], we assume that pixels
corresponding to the same solar zenith angle (SZA) record
similar airglow intensities. The image intensities are thus
binned according to solar zenith angle excluding those
pixels that fall within the auroral zone. The binned airglow
flux versus solar zenith angle is then modeled using a least
squares fit to a cosine squared function of the form

Idayglow = 10 COSZ (11 (I)SZA) (1)

where g, is the solar zenith angle. Iy and I; are the two
parameters returned by the least squares fitting. I, is the
dayglow intensity at zero solar zenith angle and I; is a
dimensionless factor that governs how fast the dayglow
intensity falls off for increasing SZA. The modeled dayglow
intensity versus SZA is then projected into a two-
dimensional image to match the viewing geometry of solar
zenith angles for a given UVI image. The modeled dayglow
surface is then subtracted from the original image to yield
the auroral intensities.

[s] UVI observations include the longer wavelength
portion of the LBH emissions in the LBH-long (hereafter
LBHI) filter which has a bandpass of 160—180 nm. At these
wavelengths the attenuation of the LBH emissions by
Schumann-Runge O, absorption is minimal. Therefore the
intensity of the emissions observed in the LBHI filter is
proportional to the amount of incident electron energy flux.
Ignoring the dependence of this relationship on the average
energy of the incident electron spectrum introduces a ~10%
systematic uncertainty in the energy flux computation but
yields the advantage of a simple linear proportionality
between the photon flux seen in the LBHI filter and the
inferred electron energy flux.

[¢9] The computation of the hemispheric power from the
UVI images is as follows. For each pixel (or spatial bin) in
the LBHI images, the energy flux (ergs cm 2 s™') is
inferred. We assume an emission altitude of 120 km and
compute the projected surface area subtended by each pixel
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at that height. Multiplying the energy flux by this area
yields a measure of power. When integrated over the area of
the auroral oval we obtain the hemispheric power (HP)
which measures the rate at which energy is being deposited
into the ionosphere by auroral electron precipitation. This is
shown in equation (2) where Q;; is the energy flux and 4;;
is the area observed in each pixel (7, j). The computation of
the hemispheric power from UVI images has also been
described previously by Lummerzheim et al. [1997].

200 228

HP = Z Z 0i,4;; ()
=1 =1

[10] While the bulk of auroral power during substorms
comes from the nightside auroral zone [Newell et al.,
2001b], we include all local times in the hemispheric
power calculation. Limiting the hemispheric power inte-
gration to some range of local times invariably leads to an
underestimation of the parameter in many cases due to the
large variance in the local times in which the aurora
expands during substorms. Tuning the limits of integration
when computing the hemispheric power for each substorm
event would be cumbersome for the large number of
events that we examined for this study. Moreover, [Newell
et al., 2001b] found that the dayside auroral power showed
very little variation during substorms. Inclusion of the
dayside aurora in the total hemispheric power calculation
only acts as an offset to the measurement. In general the
entire auroral oval is observed in the UVI field of view for
the events included in this study. However, in some cases
a small portion of the dayside aurora is truncated out of
the field of view during the viewing sequence. We
simulated this circumstance using events with the full
auroral oval in view and masking out 25% of the pixels
on the dayside to evaluate the effect of this truncation on
the hemispheric power calculation. We found that the
effect was small with auroral power reductions less than
or about 10% for the same two reasons given above: the
nightside auroral power dominates over the dayside power
and that the dayside auroral power does not vary signif-
icantly during substorms.

[11] The hemispheric power derived from the UVI images
has a time resolution between 37 seconds and approximately
six minutes depending on the mode in which UVI is
operating. Since the hemispheric power is an integrated
quantity, the Polar spacecraft’s wobble [Germany et al.,
1998] has a negligible effect on this measurement under the
assumption that flux is conserved regardless of how the
measured photons are spatially distributed in an image.
Distortion of the pixel areas due to the spacecraft wobble
is only significant when the areas vary considerably from
pixel to pixel as when observing near the limb. However,
our observations are taken when viewing near nadir so we
expect the area distortion to be a small effect.

[12] The hemispheric power derived from Polar UVI
images has been shown to be a useful parameter for
describing the rate of energy deposition by auroral elec-
trons, particularly during large-scale auroral disturbances
such as substorms. Lummerzheim et al. [1997] demonstrated
that the temporal variability of the hemispheric power is
better represented when derived from UVI images in
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comparison to extrapolating this parameter from in situ
particle measurements along a single satellite track. Newell
et al. [2001b] applied a superposed epoch analysis of Polar
UVI derived hemispheric power to study the local time
variations in auroral energy deposition during substorms.
Meng and Liou [2002] have also argued that the Polar UVI
derived hemispheric power can be used as an index for
geospace activity and that it is well correlated with other
such indices as the AE index.

[13] An example of how the hemispheric power varies
over an auroral substorm is shown in Figure 1 for an event
that occurred on 20 January 1998. The top panel shows the
UVI-derived hemispheric power (in gigawatts) as a function
of universal time. The dashed, vertical lines demarcate the
substorm epochs to be defined using the hemispheric power
as described below. Selected UVI images illustrate the
global auroral morphology during each substorm epoch
(phase). Each UVI image is shown in MLT-Apex MLAT
coordinates [Zandt et al., 1972; Richmond, 1995] and scaled
in units of energy flux (ergs ecm 2 s~ ). The B, (GSM)
component of the interplanetary magnetic field (IMF)
measured by the Magnetic Field Instrument (MFI) [Lepping
et al., 1995] aboard the Wind spacecraft is shown on
the bottom panel of Figure 1. The Wind spacecraft was
upstream in solar wind (Xgsm = 232Rg, ygsm = 18.3Rg,
Zgsm = —13.0Rg) and a propagation correction of 58 =+
21 minutes is applied to the IMF data. The method used to
propagate the IMF is described in Appendix A.

[14] Qualitative determination of the substorm onset
time can be made by identifying the UVI image frame
in which one first observes an increase in luminosity prior
to the expansion of the nightside auroral oval. In Figure 1
the onset of the substorm is identified in the 03:42:53 UT
image as an enhancement of the precipitating electron
energy flux between 2000—2300 MLT (Figure 1, Image B).
Liou et al. [1999] and Newell et al. [2001b] have shown
that substorm onset times can be determined from Polar
UVI images with uncertainties on the order of three
minutes. Using the hemispheric power we can define the
onset (Tynset) Of the auroral substorm more precisely as the
time when this parameter increases above one standard
deviation of the values in the preceding 30 minutes. Here,
the uncertainty in identifying the substorm onset time is
determined by the cadence at which LBHI images are
obtained by UVI. For the observations shown in Figure 1,
LBHI images with 37-second integration times are taken
every three minutes and given that the image time labels
correspond to the beginning of each (37-second) integra-
tion, the range of possible substorm onset times is
03:40:26-03:43:30 UT.

[15] We define the next substorm epoch as the period of
time between substorm onset (Tyne¢) and when the hemi-
spheric power reaches its peak (Tonset — Trp, ). This epoch
is equivalent to the canonical expansion phase of a sub-
storm. In Figure 1 this is shown between 03:42:53—
04:07:25 UT when the hemispheric power increases from
about 15 GW to 63 GW. Both the precipitating electron
energy flux and the observed surface area of the auroral oval
increase during this interval (Figure 1, Images B—D). The
slope of HP curve is generally positive during this time. The
substorm epoch Toneer — Thp,, ends when the auroral oval
has expanded to its greatest poleward and westward extent.

3of 16



CHUA ET AL.: AURORAL

C

19980120 0355:09 UT LBHL

A03207

A

19980120 0330:37 UT LBHL

B

19980120 0342:53 UT LBHL

o0

s

/

SUBSTORM TIMESCALES

D

19980120 0407:25 UT LBHL

A03207

E

19980120 0416:37 UT LBHL

T
9
3
%]
he)
>
9
1.
0
U
O
=
o)
-

GW

| 04:07:25 UT (t__ ) 4

04:36:010T (1)

3312 UT (3x1) ]

03:30:00 04:00:00 04:30:00

e———— e

19980120 0435:01 UT LBHL

19980120 0447:17 UT LBHL

S

19980120 0505:41

> Y

T
=y
sy

05:30:00 06:00

~—

05:00:00 0

UT LBHL 19980120 0514:53 UT LBHL

19980120 0533:17 UT LBHL

G H |
15[ ' ' '
10 —
~ F
=k
5 S
© —
EQN —
0
75 L L 1 L L 1 L L 1 L L 1 L n 1 n n 1
03:30:00 04:00:00 04:30:00 05:00:00 05:30:00 06:00:00
uT
Figure 1. Hemispheric power for an isolated substorm on 20 January 1998 during northward IMF

conditions. The dashed line beginning at 04:07:25 UT (Typ, ) shows the least-squares fit of the HP to an
exponential function given by equation (3). The vertical dotted lines denote the substorm epochs as
described in the text. UVI images are shown at key times during the event.

This corresponds to the time when the precipitating electron
energy flux is most intense (Figure 1, Image D) and the
hemispheric power has risen to its maximum value follow-
ing the onset of the substorm.

[16] The rate at which energy is deposited in the upper
atmosphere by auroral electrons decreases exponentially

after reaching its peak value. This decay of the hemispheric
power is described by

HP({) = HP,oe~ + HP, 3)

Here HP,,,, is the maximum enhancement of the hemi-
spheric power above its pre-onset value during a substorm.

4 of 16



A03207

A B C

19980806 0311:37 UT LBHL

19980806 0326:57 UT LBHL

CHUA ET AL.: AURORAL SUBSTORM TIMESCALES

19980806 0333:05 UT LBHL

A03207

D E

19980806 0339:13 UT LBHL 19980806 0403:45 UT LBHL

90— T v T T ‘ ‘ =

g | ; =

80 - I : =

L)

70 = | L : : 7

E I DR : = — E

G 0 PN e 3] & =

= | e e e = E

50 = =) ) =) 5 3

E | ) -l Ll — =

E 0 T 12 10 X 3

E | © <) ) . © =

40 = N + LT + 10 @ —

= | ® ] Y 3 Yol =

= o . O . O . O o =

30 7:’ L L I 1 L . L L Il L . L Il L " '\ " " Il " E
03:00:00 03:30:00 04:00:00 04:30:00 05:00:00 05:30:00

uT

P ——

19980806 0443:45 UT LBHL

19980806 0419:05 UT LBHL 19980806 0440:33 UT LBHL

\

19980806 0522:15 UT LBHL 19980806 0540:39 UT LBHL

100

ergs cm

101
5
r_\ [
< L
5 O ]
O] L |
N
om B i
© \/\/\\\W_L»J\M_/W
100 . . . . I . . . . I . . . . I . . . . I . . . . I . . . ]
03:00:00 03:30:00 04:00:00 04:30:00 05:00:00 05:30:00
uT

Figure 2. Same format as Figure 1 but for a substorm occurring during southward IMF. Note that the
hemispheric power is sustained above its preonset level past three HP e-folding times.

HP, is the asymptotic value of the hemispheric power
during substorm recovery and represents the quiet time,
baseline value of the energy deposition by auroral electrons.
The e-folding time, 7, provides a fiducial time with which to
define the next epoch of a substorm. This is the interval
between the time of the maximum increase of the
hemispheric power and the e-folding time (Typ,  — 7). In
the example shown in Figure 1, the hemispheric power

peaks at 04:07:25 UT. The e-folding time given by fitting
the hemispheric power after 7yp _to equation (3) is 28.6 +
0.9 minutes, shown at 04:36:01 UT. The epoch between
Typ,_and T is the beginning of substorm recovery. During
this period, the hemispheric power decreases through the
reduction of the precipitating electron energy flux since the
area of the auroral oval does not change significantly
between 04:16 UT and 04:36 UT (Figure 1, Images E—F).
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[17] Subsequent substorm epochs are defined as multiples
of the hemispheric power e-folding time: T - 21 and 21 - 37.
These are marked at 05:04:36 UT and 05:33:12 UT respec-
tively in Figure 1. By 37 the hemispheric power has
recovered to just above its pre-onset value near 15 GW.

[18] The substorm event shown in Figure 1 is typical of
substorms that occur when the Bz component of the IMF is
predominantly northward. The hemispheric power behaves in
a slightly different manner during substorms for which the
IMF By is southward. An example of this is shown in Figure 2
which is presented in the same format as Figure 1. The IMF B,
component remains at a steady southward value near —6.5 nT
throughout the duration of this substorm (Figure 2, bottom
panel). Following the onset and expansion of the auroral oval
(Figure 2, Images B—E), the hemispheric power does not
decay back to its pre-onset level as in the northward IMF case.
By three e-folding times (37) the hemispheric power is still a
factor of two higher than it was before substorm onset and is
sustained primarily bg aurora with precipitating energy fluxes
above 10.0 ergs cm ™~ s~ ' along the dawn and dusk flanks of
the auroral oval. The hemispheric power e-folding time for
this southward IMF case is slightly longer at 40 minutes in
comparison to the northward IMF event shown in Figure 1.

[19] Figure 2 also demonstrates that the hemispheric
power sometimes exhibits aperiodic enhancements super-
posed upon the exponential decay. Some of these appear
between 04:30—05:00 UT (Figure 2) and are due to small-
scale intensifications within the auroral oval rather than
from any ensuing global-scale activations of the aurora such
as those seen during multiple onset substorms (Images F
and G, Figure 2). Although these aperiodic hemispheric
power enhancements increase the uncertainty in the deter-
mination of the hemispheric power e-folding times, we do
not make any attempt to remove them prior to fitting the
data to equation (3).

3. Statistical Analysis of Substorm Parameters

[20] Using the framework described above we have
examined over 300 substorm events that occurred under a
variety of solar wind conditions and in all seasons. These
observations span solar cycle 23 between 1996 and 2001.
However, we neglect any solar cycle effects on auroral
substorm activity in this study. We wish to measure the
intensity and time scales of auroral substorms as quantita-
tively as possible using the UVI-derived hemispheric power.
Therefore we do not qualitatively distinguish between
pseudobreakups [Elvey, 1957; Akasofu, 1964; Sergeev et
al., 1986; Ohtani et al., 1993; Nakamura et al., 1994; Aikio
et al., 1999] and substorms in the auroral intensifications
chosen for this study. One key criterion for our event
selection was to avoid magnetic storm periods when there
can be global auroral intensifications with distinct character-
istics from isolated substorms [Lyons et al., 2000; Chua et
al., 2001]. These are often associated with the arrival of
strong solar wind pressure pulses driven by coronal mass
ejections (CMEs) that lead to magnetospheric compression
and storm sudden commencement (SSC).

3.1. IMF Influence on Substorm Hemispheric Power

[21] The temporal behavior of the hemispheric power was
shown in Figures 1 and 2 to depend on the IMF By,
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Northward IMF

Normalized Hemispheric Power

Normalized Hemispheric Power

T
onset HP max

T
Substorm Epoch

Figure 3. A superposed epoch analysis is performed on
the hemispheric power for substorms that occur when the
IMF is northward (top panel) versus southward (bottom
panel). The hemispheric power values are normalized to the
peak value for each event. Universal time is normalized to
the substorm epochs defined in section 2. The error bars are
the standard deviation of mean hemispheric power value for
each epoch.

orientation. The hemispheric power decays back to pre-
onset values for northward IMF substorms, while it is
sustained above pre-onset values (past 37) for events in
which the IMF is southward. To demonstrate this behavior
in a more general sense, we perform a superposed epoch
analysis of the hemispheric power values for substorms
occurring during northward IMF versus those that occur
when the IMF is southward (Figure 3). The criterion used to
determine the IMF By orientation is given in Appendix A.
Universal time during each event is normalized to the
substorm epoch fiducial times described above (Tgnset
THpmax> T> 27, and 37). The hemispheric power data are
normalized to the maximum values for each event. The
hemispheric power values are averaged within each sub-
storm epoch and at each fiducial time for 86 events with
northward IMF and 263 substorms with southward IMF.
Figure 3 shows that the hemispheric power is maintained at
about 13% above pre-onset values beyond three e-folding
times of the HP parameter for substorms during southward
IMF. On the other hand, the hemispheric power falls near
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Figure 4. Histograms of the peak hemispheric power
values for substorms sorted by IMF By orientation.

the pre-onset values by two e-folding times for northward
IMF events.

[22] To further investigate the effects of IMF B orienta-
tion on substorm dynamics, we examine the statistical dis-
tributions of four parameters determined by the UVI-derived
hemispheric power: (1) peak hemispheric power, (2) sub-
storm expansion times, (3) hemispheric power e-folding
times (1), and (4) total hemispheric energy deposition. These
parameters are sorted by northward versus southward IMF
events using the criterion described in Appendix A.

[23] The distributions of peak hemispheric power values
sorted by IMF orientation are shown in Figure 4 as histo-
grams with 10 GW bins. The peak hemispheric power is an
indication of the “size” or intensity of a substorm event. We
find that the peak hemispheric power is about 30% on
average greater for substorms that occur under southward
IMF conditions versus those for which the IMF B, com-
ponent is northward. The distribution of peak HP values for
southward IMF substorms shown in Figure 4 has a mean
value of 78.3 + 52.9 GW whereas that for northward IMF
substorms is 60.1 + 50.3 GW (Table 1). In order to compare
these distributions more rigorously, we compute a reduced
chi-squared parameter given by equation (4).

~ 1<~ (Dl — D2)?
2 _ S 2. 78
X =5 kz:; 3, (4)
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Table 1. Statistics for the Peak HP Sorted by IMF B, Orientation

Peak Hemispheric Power (GW) Mean Median  Standard Deviation
Southward IMF 78.3 65.8 529
Northward IMF 60.1 44.5 50.3

Here d is the number of degrees of freedom, taken as the
number of bins, n, used to compute each distribution minus
one. D1 specifies a distribution of some quantity and D2 is
another distribution against which D1 is to be tested. x2
values on the order of one or less (x2 < 1) indicate that the
two distributions are similar. If 2 is much larger than one
(x% > 1) then we expect D1 and D2 to be different. The
degree of similarity between D1 and D2 is quantified by
computing P(x? > x2), the probability of obtaining a x? as
large as that computed from the observed distributions, X2,
given the number of degrees of freedom. These probabilities
are calculated from the integral:

~ ~ 2 o0 2
2> 2) = d—1 ,—x*/2
P(X ,X(,) 2d/2F(d/2)/X xle™ 2dx (5)

0

We use a standard criterion of specifying that two
distributions disagree if P(x? > x2) is less than 5% [e.g.,
Taylor, 1982]. We find that the peak hemispheric power
distributions sorted by IMF B orientation are statistically
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Figure 5. Histograms of substorm expansion times sorted
by IMF B orientation.
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Table 2. Statistics for Substorm Expansion Times Sorted by IMF
B Orientation
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Table 3. Statistics for Substorm Recovery Times Sorted by IMF
B, Orientation

Tonset — THP Mean, min  Median, min  Standard Deviation, min ~ HP e-folding times (1) Mean, min Median, min Standard Deviation, min
Southward IMF 36.1 32.6 27.6 Southward IMF 32.8 30.0 19.1
Northward IMF 25.7 18.4 23.8 Northward IMF 29.4 26.0 17.7

distinguishable and that the trend toward larger peak
hemispheric power values for southward IMF substorms
is significant (x? = 6.4, P(x?> > x2) < 0.05%).

[24] We now examine the influence of IMF orientation on
the times associated with substorm expansion (Toper —
Typ_ ) and recovery (7). Figure 5 shows histograms of
the substorm expansion times for events when the IMF By,
is southward (top panel) or northward (bottom panel). The
substorm expansion times in the northward IMF case have
an average value of 25.7 minutes. We find that substorms
for which the IMF is southward have a 40% longer
expansion time, averaging 36.1 minutes (Table 2). This
difference is significant (x> = 4.9, P(x? > x2) < 0.05%).
Similarly we find that the hemispheric power e-folding
times are about 12% longer for substorms under southward
IMF than for those occurring under northward IMF
(Figure 6). The hemispheric power e-folding times for the
southward and northward IMF cases have mean values of
32.8 minutes and 29.4 minutes respectively (Table 3). The
reduced chi-squared value when comparing these distribu-
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Figure 6. Histograms of the hemispheric power e-folding
times sorted by IMF B, orientation.

tions of T is 6.8 (P(x? > x2) < 0.05%) indicating that the
longer hemispheric power e-folding times for southward
IMF conditions is meaningful.

[25] Knowing the hemispheric power during a substorm
and having quantitative measures of the times scales over
which that power is supplied, we can readily compute the
total energy input into the ionosphere (in one hemisphere)
by auroral electron precipitation for each event. We com-
pute the hemispheric energy deposition in Joules by inte-
grating the hemispheric power from the substorm onset time
to three HP e-folding times (37):

3T

Jup = HP dt (6)

tonset

We sort the total energy deposition by IMF By orientation
and find that the energy input through auroral electron
precipitation is greater by about 40% for substorms in
which the IMF By is southward (Figure 7). This result
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Figure 7. Distributions of total energy dissipated during
substorm events sorted by IMF B, orientation.
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Table 4. Statistics for Total Energy Dissipated Sorted by IMF B, Orientation

Total Energy Deposited Mean (x10"*Joules)

Median (x10"*Joules)

Standard Deviation (x 10'*Joules)

Southward IMF
Northward IMF

36.2
23.0

29.1
17.7

31.5
19.2

follows from the tendency for substorms during which the
IMF By is southward to sustain a higher level of hemi-
spheric power during substorm recovery as demonstrated in
Figure 2 and Figure 3. The mean, median, and standard
deviation values for the total substorm hemispheric energy
deposition are given in Table 4. A comparison of the total
energy deposition distributions for northward versus south-
ward IMF gives a x? value of 6.0 and P(x? > x2) less than
0.05%.

3.2. Seasonal Variations of Auroral
Substorm Characteristics

[26] Building on previous statistical studies of seasonal
variability in the aurora, we investigate how substorm
timescales and energy deposition vary with season. Follow-
ing the convention used by Petrinec et al. [2000], the
seasonal periods used in this study are centered on each
solstice and equinox, and are defined conveniently by day
of year (DOY). Winter is defined as DOY 309-34
(5 November—3 February), spring is then DOY 35-125
(4 February—5 May), summer follows as DOY 126-217
(6 May-5 August), and autumn is DOY 218-308
(6 August—4 November). The given calendar dates are for
non-leap years and apply to the northern hemisphere where
all of our observations are taken. In this study, the spring
and autumn seasons are combined into one equinoctial
category as the physical conditions in the ionosphere are
similar during these periods.

[27] To examine how the magnitudes of the substorms
vary with season, we plot histograms of the peak hemi-
spheric power for the events in each seasonal category
(Figures 8 and 9). On average, the peak hemispheric power
values are shown to be highest during equinox. While the
equinox and summer peak HP distributions are statistically
similar (x? = 0.95 and P(x? > x2) = 52.5%), the equinoc-
tial distribution exhibits a more pronounced tail at peak HP
values above 110 GW. The winter distribution of peak HP is
not_consistent with either the equinoctial data (x2 = 1.80,
P(x? > x2) = 1.5%) or the summer peak HP distribution
(x2 = 2.05 and P(x? > x2) = 0.4%). However, the mean
values of the peak hemispheric power during summer and
winter differ by less than 0.6% with comparable standard
deviations (Table 5). We do not find large differences in the
seasonal distributions of peak hemispheric power. The peak
hemispheric power distributions for each season are further
sorted by IMF By orientation. For each peak hemispheric
power histogram shown in Figure 8 southward (northward)
IMF events are shown in light (dark) gray. The same trends
are observed here as when only sorting by IMF By orien-
tation. In each seasonal category, peak hemispheric power
was higher by 20—40% for substorms in which the IMF was
southward versus northward.

[28] The timescale of substorm expansion is found to be
shortest during the summer. The average substorm expan-
sion time during summer is 34% shorter than that for
equinox and 25% shorter than the mean substorm expansion

time in winter (Table 6). The reduced chi-squared test shows
that the winter and equinox expansion time distributions are
similar (x? = 0.75 and P(x? > x2) = 80.2%) as are the
equinox and summer distributions (x? = 1.38 and P(x? >
X2) = 10.2%). The chi-squared test distinguishes the winter
and summer_substorm expansion time distributions (x? =
1.54 and P(x? > x2) = 4.4%). For the winter and equinoc-
tial periods, substorms during southward IMF have expan-
sion times about 20-25% longer than those during
northward IMF as we previously observed (Figure 5).
However, for the summer time distribution, substorms
occurring during southward IMF have an average expansion
time that is almost a factor of two greater than those during
northward IMF: 29.8 + 23.3 minutes for southward IMF
substorms versus 16.4 = 14.8 minutes for northward IMF
events).

[20] The largest difference in the seasonal characteristics
of substorms comes when we examine the hemispheric
power e-folding times (Figure 10). The distribution of
substorm decay times for substorms in sunlit conditions is
peaked between 10—15 minutes, with a mean value of
25.6 minutes (Table 7). The mean values of T for the winter
and equinoctial substorms are similar at about 35 minutes.
The winter and equinox HP e-folding time distributions
peak at a T value which is about a factor of two greater than
that seen during the summer. The median T values for
winter and equinox are comparable and each almost twice
as long as the median HP e-folding time for summer. The
reduced chi-squared value when comparing the winter-time
T values to those during summer is 10.0. Likewise, x2 = 5.6
when comparing the hemispheric power e-folding times
during equinox and summer. These reduced chi-squared
values correspond to P(x? > x2) values less than 0.05%. In
contrast we find that the winter-time and equinox distribu-
tions of T are similar with x> = 1.33 and P(x> > x2) =
15.7%. The timescale for the persistence of substorm
activity is a factor of two longer when the nightside auroral
zone is in darkness (winter and equinox) than when it is
sunlit. When subdividing the hemispheric power e-folding
time distributions for each seasonal category by IMF By
direction, we find only minor variations for the winter and
equinoctial events. During each of these seasons the average
hemispheric power e-folding times varied by less than 10%
for substorms with southward versus northward IMF. The
effect of varying IMF B orientation on the hemispheric
power e-folding times is more pronounced during the
summer as we also observed for the substorm expansion
times. The average hemispheric power e-folding time for
summer time substorms with southward IMF is 28.1 +
24.1 minutes versus 19.3 = 10.4 minutes for northward
IMF events. Summer time substorms during southward IMF
have hemispheric power e-folding times that are on average,
46% longer than those during northward IMF.

[30] The total energy deposited by auroral electrons
during substorms is found to be greatest for equinoctial
substorms, lower for winter substorms, and lowest for
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Figure 8. The peak enhancement of the hemispheric power above its pre-onset values for substorms
occurring in winter (top panel), equinox (middle panel), and summer (bottom panel) conditions are
shown in these histograms. For each season, southward (northward) IMF events are shown in light (dark)
gray. One sees that the distributions of peak HP enhancement are not significantly different for events
occurring in different seasons.
substorms occurring in sunlit conditions (Figure 11). This is  deposition distributions are comparable ()22 = 1.5 and

consistent with the observation that substorms during all
seasonal conditions have comparable energy deposition
rates (Figure 8) but different recovery timescales (Figure 10):
the total energy deposited during a substorm in the
equinoctial and winter periods is higher than during the
summer because the enhanced hemispheric power associated
with auroral electron precipitation is sustained for longer
periods of time. The winter-time and summer total energy

P(x? > X2) = 7.7%) and both differ from the equinoctial
distribution of total energy deposition. The average total
energy deposition during the equinox periods is 41% greater
than that in summer and 26% larger than that during winter
(Table 8). When testing the equinox distribution of total
energy deposition with each of the winter-time and summer
ones, the reduced chi-squared values are greater than 2.25,
giving P(x? > x2) less than 0.05%. Sorting each seasonal
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conditions, respectively.

distribution of total energy deposition does not reveal any
new behavior. Substorms that occur during periods of south-
ward IMF consistently resulted in more energy deposition
than those events during northward IMF for all seasons.

4. Discussion and Conclusions

[31] We have devised a new method for defining sub-
storm phases based on the temporal behavior of the hemi-
spheric power associated with electron precipitation. The

derivation of hemispheric power from UVI images allows
us to quantitatively measure four substorm parameters: (1)
the peak hemispheric power value as an indicator of sub-
storm intensity, (2) substorm expansion time, (3) the hemi-
spheric power characteristic decay time (), and (4) the total
hemispheric energy deposition by auroral electron precipi-
tation during each substorm. These parameters were com-
puted for over 300 substorms which were sorted by IMF B,
orientation (southward or northward) and season (summer,
winter, and equinox).
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Table 5. Statistics for Peak HP Sorted by Season
Peak Hemispheric

Standard Deviation,

Power Mean, GW  Median, GW GW
Winter 68.7 57.5 49.5
Equinox 82.8 66.4 61.1
Summer 68.3 59.4 43.6

[32] We found that varying IMF B orientation has the
strongest effect on substorm expansion timescales and the
total hemispheric energy deposition (J). Substorm expan-
sion times were found to be 40% longer for events under
southward IMF conditions in comparison to northward IMF.
The influence of southward versus northward IMF orienta-
tion for peak substorm power (HP,,.) is distinguishable but
the effect is not very large. On average we find that the peak
hemispheric power was about 30% larger for substorms
occurring during southward IMF B than for events when
the IMF was predominantly northward. The timescale of
substorm recovery, as measured by the T parameter, did not
vary significantly when sorting by IMF B, orientation
alone. Collectively, the average hemispheric power e-fold-
ing time was only 12% longer for substorms when the IMF
was southward versus when it was northward.

[33] The timescales of substorms occurring during the
summer are more sensitive to varying IMF B orientation
than during either winter or equinox. Substorm expansion
timescales during summer periods are almost twice as long
during southward IMF conditions than during northward
IMF. Similarly, characteristic substorm recovery times are
about 50% longer during southward IMF than when the
IMF B, component is northward. In contrast, the variation
of the substorm timescales and energy deposition parame-
ters with IMF B orientation during winter and equinox is
small and comparable to the differences observed when
sorting by IMF alone. The enhanced sensitivity of substorm
timescales to IMF By orientation during summer may be a
manifestation of stronger coupling between the solar wind,
magnetosphere, and ionosphere under sunlit conditions
when conducting paths for the closure of currents flowing
into and out of the ionosphere are readily available.

[34] The results of this study should be taken with two
caveats. Our sampling of events is largely biased toward
substorms for which the IMF B, component is south-
ward (263 events) versus those in which it is northward
(86 events). Secondly, our observations are limited to the
northern hemisphere. Simultaneous, auroral observations
in both northern and southern hemispheres are key to
validating any generalizations about seasonal behavior of
the aurora.

[35] The seasonal variations in substorm timescales de-
scribed in this study have strong implications for auroral
conjugacy. Our results imply that auroral intensifications
develop differently in the northern and southern hemi-
spheres during a substorm under solstitial conditions. Dur-
ing the same substorm, we expect the auroral breakup in the
dark (winter) hemisphere to be more intense and longer
lived than that observed in the sunlit (summer) hemisphere.
This hemispheric asymmetry in the aurora also implies that
more energy is deposited by electron precipitation in the
winter hemisphere than in the summer one during a sub-
storm. This behavior is consistent with the findings of
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Papitashvili et al. [2002] who used near-conjugate magne-
tometer measurements in Greenland and Antarctica to show
that substorm expansions extend to higher latitudes in the
dark (winter) hemisphere. A limited number of case studies
using optical measurements have also reported these hemi-
spheric asymmetries in substorm expansion [Vorobjev et al.,
2001; Fillingim et al., 2003].

[36] Some insight into the degree to which magneto-
spheric processes influence the intensity and timescales of
substorms comes from recent observations of magnetotail
dynamics during auroral intensifications. A long-standing
debate among researchers is how large and how long in
duration an auroral disturbance must be for it to be
considered a substorm. Short-lived auroral intensifications
that do not expand are generally distinguished from s
ubstorms as pseudobreakups. This problem has been
recently revisited by Fillingim et al. [2001], Fillingim
[2002], and Parks et al. [2002] who studied ion and
electron distribution function measurements and magnetic
field observations in the magnetotail from the Wind
spacecraft when its ionospheric footprint was in the
vicinity of auroral disturbances seen by Polar UVI. With
these coordinated measurements it was found that plasma
sheet dynamics during pseudobreakup-like activity and
substorms are indistinguishable. The similarity of plasma
sheet behavior during pseudobreakups and substorms
suggests that what governs whether an auroral disturbance
is short-lived or fully develops into an Akasofu-like
substorm is largely determined elsewhere, perhaps in the
auroral acceleration region just above the ionosphere or in
the ionosphere itself.

[37] This conjucture is consistent with our finding that
substorm time scales are a strong function of season. The
hemispheric power e-folding time is a factor of two shorter
on average for substorms occurring when the nightside
auroral zone is sunlit (summer) in comparison to when it
is in darkness during the winter and equinox periods.
Substorm expansion times are longest during equinoctial
conditions, about 30% shorter during winter periods, and
shortest during the summer (by almost a factor of two
relative to equinox). The peak hemispheric power did not
vary significantly as a function of season. Substorms that
occur in the summer have similar peak intensities as those
that occur under winter or equinox conditions. The last
finding is significant because it suggests that our seasonal
comparison of substorm timescales was not biased by any
variations of the intensity of individual substorm events
with season.

[38] The pattern of seasonal variation in substorm time-
scales is most consistent with the hypothesis that the state of
the ionosphere, measured in terms of ionospheric conduc-
tivity or density, plays an active role in governing the
dynamics of the aurora. The distributions of substorm
expansion times and recovery times are similar for winter-

Table 6. Statistics for Substorm Expansion Times Sorted by
Season

T,.set — Tup,.. ~Mean, min  Median, min  Standard Deviation, min
Winter 343 24.6 29.0
Equinox 39.3 27.6 37.1
Summer 26.0 18.4 22.0
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occurring during summer.

time and equinoctial events when the nightside auroral zone
is in darkness. When the nightside auroral zone becomes
sunlit during summer periods the observed timescales of
substorm activity shorten by about a factor of two. The
dipole tilt angle of the earth’s magnetic field does not appear
to be an important factor in explaining the seasonal vari-
ability in our observed substorm timescales. The dipole tilt
effect favors the equinoxes [Mclntosh, 1959] while our
observations show similar substorm characteristics during
winter and equinoctial periods.

[39] The seasonal invariance of substorm peak hemi-
spheric power and the shorter substorm timescales of sub-
storms under sunlit conditions suggests a more complete
picture than that found when one averages auroral character-
istics over an entire season as earlier statistical studies of the
seasonal dependence of auroral precipitation did. Although
we have not described the relative contributions of discrete
and diffuse precipitation in this study, we conjecture that the
suppression of discrete aurora under enhanced ionospheric
conductivity (sunlit conditions) is better explained by the
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Table 7. Statistics for Substorm Recovery Times Sorted by
Season

HP e-folding times (1) Mean, min Median, min Standard Deviation, min

Winter 34.1 31.9 14.9
Equinox 35.5 34.1 18.0
Summer 25.6 18.5 21.5

scenario of discrete auroral structures having shorter life-
times in the sunlit hemisphere. To answer the question
posed by Newell et al. [2001a], substorms do indeed occur
under sunlit conditions in the auroral zone but with shorter
timescales. The winter to summer ratio in seasonally aver-
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aged precipitating electron energy flux was found to be
between 1.5 [Liou et al., 2001] and 3.0 [Newell et al., 1996,
2001a]. The factor of two difference in substorm recovery
timescales between substorms occurring in darkness (winter
and equinox) and those occurring under sunlit conditions
(summer) found in this study is within this range of values
and consistent with previously published winter to summer
ratios of auroral parameters.

[40] To further substantiate our suggestion that the sum-
mer-time suppression of discrete aurora is more completely
explained by the shorter timescales of substorms in sunlit
conditions, we will examine the characteristics of the
electron precipitation within each of the substorm phases
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Figure 11. Histograms of total energy deposited by auroral electron precipitation, sorted by season.
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Table 8. Statistics for Total Energy Deposition Sorted by Season

Total Energy Deposited Mean, (x10"*Joules)

Median, (x10"*Joules) Standard Deviation, (x 10"*Joules)

Winter 31.0
Equinox 39.1
Summer 27.6

23.9 24.6
32.5 36.7
20.1 22.5

(epochs) defined here using the UVI derived hemispheric
power in a forthcoming companion paper. Using coordinated
Polar UVI and Fast Auroral Snapshot (FAST) [Carlson et
al., 1998] observations we will show in our next paper that
discrete auroral forms are observed during summer-time
substorms although over timescales shorter than those in
winter-time or equinoctial events.

Appendix A:
Determination

IMF Propagation and Orientation

[41] The determination of the IMF orientation is made
from Wind MFI [Lepping et al., 1995] magnetic field
measurements in GSM coordinates and Wind SWE [Ogilvie
et al., 1995] solar wind observations. These measurements
are propagated in time from the Wind spacecraft location to
an estimated subsolar, magnetopause location. For each
event, the position of the subsolar magnetopause is calcu-
lated from a simple pressure balance method in which we
assume that the dynamic pressure of the solar wind balances
the magnetic pressure associated with the Earth’s dipole:

BZ
2
nmyi, = TLU (A1)
where B has the form
ll‘oM
B="—. A2
43 (A2)

In neglecting minor solar wind species, we take n to be
the solar wind proton density, m,, is the proton mass, uy is
the x-component of the solar wind convection velocity,
and M is the Earth’s dipole moment. When substituting
equation (A2) into equation (Al) and solving for r, the
subsolar magnetopause location is given by

(MY
" 32m2nmyu?

The IMF is propagated from the Wind spacecraft position to
I'mp using the simple X-distance propagation method
described by Ridley [2000]. Here the propagation time is
simply given by the distance from the WIND spacecraft to
rmp divided by the x-component of the solar wind
convection velocity. The uncertainty of this propagation
time is computed using the result of Ridley [2000] who
found that the maximum error of this propagation time is
directly proportional to the off-axis distance of the space-
craft away from the Sun-Earth line, Dy,. This uncertainty is
given by Aty,.x = 0.96D,,. We then compute T,, the time of
origin in the solar wind corresponding to the substorm onset
time minus the propagation time. The interval (in minutes)
in which we examine the IMF orientation is set at T, =+

(A3)

(Atpax + 60). The 60 minute window around the origin time
is derived from previous studies which have empirically
determined that the lag times between the arrival of a solar
wind structure and the magnetospheric response is on the
order of 30 to 90 minutes [e.g., Bargatze et al., 1985; Zhou
and Tsurutani, 2001]. Sixty minutes was chosen as a
representative timescale. A substorm is determined to occur
during northward (southward) IMF if the average value of
By is positive (negative) during this interval.
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