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Abstract. The Canadian Auroral Network for the OPEN Program Unified Study
(CANOPUS) is a large-scale ground-based instrument array of remote sensing
equipment monitoring the high-latitude ionosphere from the north central to the
northwest portion of North America. It provides realtime coverage of auroral events
such as magnetospheric substorms. In this paper the variation of magnetotail
thickness is estimated during substorm growth phase by using a simple magnetic
field model and data from the meridian scanning photometers in the CANOPUS
array. An important parameter in the modeling process is the x parameter, defined
as the square root of the minimum curvature radius to maximum Larmor radius
ratio. Through use of this parameter we are able to grossly determine the expected
proton precipitation regions in the ionosphere. Two examples presented (February
9, 1995, and March 9, 1995) show that crosstail current sheet thinning from 2-0.1
RE can occur during the course of a growth phase. Within the framework of our
model it is demonstrated that the magnetotail field line stretching, associated with
thinning of the current sheet, is correlated with the equatorward motion of Hg
auroral emissions. Also demonstrated is the Earthward movement of the inner edge

of the plasma sheet to within 6 Rg.

1. Introduction

The magnetotail current sheet plays a crucial role in
magnetospheric substorm dynamics. One way to try to
study the magnetotail current sheet begins in the iono-
sphere, since magnetic field lines that thread the cur-
rent sheet eventually close in the ionosphere. Differing
views of the ionosphere are obtained by unlike, but com-
plementary, ground-based instruments such as radars,
magnetometers, and optical measurements.  Such
ground-based instruments allow the space physicist to
acquire an almost instantaneous picture of the two-
dimensional distribution of ionospheric currents, plasma
flow, particle precipitation, and auroral luminosity over
a large portion of the polar ionosphere. One such col-
lection of instruments is the Canadian Auroral Network
for the OPEN Program Unified Study (CANOPUS); a
large-scale array of remote-sensing equipmeat monitor-
ing the high-latitude ionosphere from the north central
to the northwest portion of North America. CANOPUS
includes an array of four meridian scanning photome-
ters (MSP) [Rostoker et al., 1995] which are capable of
scanning auroral emissions at various wavelengths.

With the MSP, one can monitor key auroral wave-
lengths that provide information useful, for example,
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in identifying the locale of specific auroral activations.
The importance of these tools is appreciated as one con-
siders that any region of the magnetosphere maps to the
ionosphere along magnetic field lines. Such a mapping
means that knowledge of where the particles and cur-
rents are in the ionosphere can give information about
the state of the magnetosphere. For example, Samson et
al. [1992] and Samson [1994] used CANOPUS MSP and
low-altitude satellite measurements to demonstrate that
substorm expansive phase intensification starts near the
Earth, at no more than 8-10 Rg.

While the ground-based coverage of auroral activity
in the ionosphere is quite good, satellite measurements
of substorm activity in the magnetosphere give at best
only a few point measurements. Therefore to make the
connection from the ionosphere to the magnetosphere,
one must resort to a magnetic field model to map from
one region to the other. Among the most popular mag-
netic field models are the time-independent models of
Tsyganenko [1987, 1989, 1995, 1996] (hereafter referred
to as T87, T89, T95, T96, respectively). These global
models are based on statistical analysis of years of satel-
lite observations.

Since the Tsyganenko models are statistical fits com-
piled from data measured over all phases of magnetic
activity, one cannot expect them to accurately repre-
sent the current sheet region during substorms, espe-
cially when the crosstail current is very thin. An em-
pirical model tends to have a thicker current sheet than
is present in the real magnetotail since the real mag-
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netotail may move up and down in the Z direction.
Such tail “flapping” broadens the apparent observed
thickness obtained by averaging or binning the satellite
data. Fairfield [1991] evaluated the T87 model using
a large number of in situ measurements of the mag-
netic field. One of his conclusions was that the model
is not stretched enough in the near-earth region, a con-
sequence of a too thick current sheet.

Kaufmann [1987] was the first to show that a require-
ment of growth phase was enhanced stretching of field
lines, particularly in the near-tail region. More recently,
Pulkkinen et al. [1991, 1992, 1994, 1998] developed a
time-dependent model of the growth phase based on
T89. In their studies, Pulkkinen et al. had to mod-
ify T89 to include a localized thinning of the crosstail
current sheet so that the stretching of the near-Earth
magnetic field during the substorm growth phase was
reasonable. Similarly, Lu et al. [1999] modified T96 by
incorporating an adjustment to the intensity and thick-
ness of the near-tail current sheet and a contribution
from the substorm current wedge.

In this paper we use the distribution of auroral lu-
minosity (from MSP data) to gain information about
the nature and location of the magnetotail source re-
gions of the precipitating ions. We wish to clarify and
quantify the nature of the relationship of the equator-
ward motion of the optical emissions to the stretching
of field lines during the substorm growth phase and the
initial poleward motion at substorm intensification as-
sociated with dipolarization. To the best of our knowl-
edge this relationship has only been stated but never
demonstrated quantitatively. Instead of using the more
complicated models mentioned above, we introduce a
simple magnetic field model and use it to find the tem-
poral variations in the thickness of the magnetotail cur-
rent sheet, and the location of the inner edge of the
plasma sheet, during the substorm growth phase.

2. Proton Precipitation in the Auroral
Ionosphere -

CANOPUS MSPs are excellent tools for investigat-
ing the precipitation of charged particles in the auro-
ral ionosphere, including intervals with very active sub-
storm processes. When electrons and protons precipi-
tate into the auroral oval, they collide with ionospheric
particles, leaving these in excited states. De-excitation
of these atmospheric particles is the main cause of au-
roral luminosity. We will now address the question of
where these precipitating electrons and protons come
from.

In the Earth’s magnetotail, particles sometimes do
not conserve the first adiabatic invariant due to signifi-
cant magnetic field variations on the scale of the particle
gyroradius. The x parameter, defined by Biichner and
Zelenyi [1987], is useful in characterizing the nonadia-
batic particle behavior. The parameter is defined by

K=4/ (1)
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where R is the magnetic field line radius of curvature
and p is the particle gyroradius measured in the cur-
rent sheet. The dependencies in the x parameter show
that the type of particle motion (namely adiabatic and
chaotic) is dependent on both the magnetic field ge-
ometry and particle energy. Magnetotail models have
strongly curved field lines and the magnetic field compo-
nent normal to the current sheet can become very small.
When the radius of curvature of the magnetic field at
the current sheet becomes comparable to the particle
gyroradius, the particle is pitch angle scattered. In the

distant tail k < 1. Ashour-Abdalla et al. [1994] showed
that meandering motion in this regime can lead to the
formation of a thin current sheet. However, close to
the Earth where the dipole field is stronger, £ can be
much larger than unity, and the particle motion is adi-
abatic. In between, at the transition between taillike
and dipolelike field configurations, plasma sheet ions
can have variable « values. Zeleny: et al. [1990] demon-
strated that for 1 < & < 3 near-earth plasma sheet
ions may become untrapped. For k <« 1, the situation
reverts to a more generalized adiabaticity [Sonnerup,
1971], and the protons execute a meandering motion
about the current sheet [Speiser, 1965]. Delcourt et al.
[1996] recently showed that ions corresponding to s val-
ues between 1 and 3 can be pitch angle scattered out of
the current sheet, a fraction of which may enter the loss
cone and precipitate into the ionosphere. If the mag-
netic field is very stretched, the fraction entering the
loss cone can be quite significant [Lyons and Speiser,
1982]. Liu et al. [1998] quantified this effect using the-
oretical models of a stretched near-Earth current sheet.

One may use a magnetic field model to map auroral
luminosity from the ionosphere to the magnetosphere.
This is done by locating the luminosity region of interest
and then following the magnetic field line that threads
this region to its position in the current sheet. What
we propose to do is just the opposite, a mapping from
the magnetotail to the ionosphere. First we locate po-
sitions in the magnetotail where pitch angle scattering
of protons can be very important (i.e., 1 < & < 3).
Then we map these regions to the ionosphere, where we
assume they correspond to proton auroral precipitation.
Ideally, this mapping would correspond to the real lu-
minosity, measured by the MSP. However, the mapping
problem depends on numerous independent parameters
that we do not know accurately. For example, the &
parameter is sensitive to particle energy, current sheet
thickness, and the normal component of the magnetic
field in the crosstail current sheet region. We will use
the 486.1 nm (Hpg) auroral emissions measured by the
MSP for our study, for which the energy of the precipi-
tating protons, based on a comparison of data from the
DMSP satellite and CANOPUS Hg, is several to tens
of keV, with an average of ~ 20 keV [Samson et al.,
1992]. We will use a simple magnetic field model and
vary only the parameter related to the crosstail current
sheet half-thickness (L,). In this way we will be able
to determine how sensitively the proton precipitation
depends on this model current sheet thickness during
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the course of the growth phase. Samson et al. [1992]
showed that the 486.1 nm (Hp) emissions can be used
to delineate the Earthward edge of the plasma sheet.
Thus, in addition to the current sheet thickness, we
may derive the position of the inner edge of the plasma

sheet from the equatorward edge of the Hs emissions.

3. Magnetic Field Model

Our magnetotail model attempts to approximate the
topology of the magnetotail during the substorm growth
phase. Accordingly, we use established aspects of the
growth phase to define the model. It is worthwhile to
repeat salient features of the growth phase currents and
fields. First of all, during a substorm growth phase, the
near-Earth crosstail current can thin to fractions of an
R [Sergeev et al., 1993; Sanny et al., 1994; Kubyshkina
et al., 1999]. At the same time the crosstail current
intensifies in the near-Earth region [Kaufmann, 1987].
The current intensification is restricted in radial extent
and azimuthally to within a few hours around magnetic
midnight [Baker and McPherron, 1990; Lijima et al.,
1993; Baker et al., 1993]. These changes in the crosstail
current result in the magnetic field becoming very weak
and taillike in the midplane [Kokubun and McPherron,
1981; Pulkkinen et al., 1992; Nakai et al., 1997] and lead
to a localized region of weak magnetic field near the
neutral sheet. As well, these changes in current sheet
structure are expected to lead to enhanced ionospheric
precipitation.

Instead of modifying the multiparameter Tsyganenko
models, we have elected to use a simpler magnetic
field model that has fewer components. As mentioned
before, the Tsyganenko models calculate a statistical
crosstail current that represents an average over all con-
figurations of the magnetosphere. There is good rea-
son therefore to expect that these models do not ade-
quately fit substorm growth phase, when the magneto-
tail is very stretched and extremely thin current sheets
are known to exist. Modifications that are required to
fit these models to growth phase bear out this convic-
tion [Pulkkinen et al., 1991, 1992, 1994, 1998; Lu et
al., 1999]. Our model has the advantage of simplic-
ity, thus making it easy to understand the dynamics of
the current sheet during the growth phase. The model
comprises a dipole field, an equilibrium tail component,
and an azimuthally and radially confined weak magnetic
field region (WFR). All three modular components, ex-
pressed in dipole coordinates, are used to build up the
final model configuration

—

B(‘I-") - B‘Dipole(,,—,») + B‘Tail(i:) + B’WFR(,,—:)

(2)

For the tail component we use the Zwingmann [1983]
two-dimensional equilibrium model, given by

BT = BOF(z)tanh(F(w)Li)

B = 0 3)
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BoLz@‘F—’ES—)[l - F(z)fzz—tanh(F(a:)Liz)],

B;[‘ail —
where the following values were chosen for the vari-
ous parameters; the lobe magnetic field By = 50 nT
and L, is the magnetotail current sheet half-thickness.
The function F(z) is slowly varying in the parameter
z. F(z) decreases with distance from the Earth and is
chosen as

(4)

A detailed description of the parameters introduced is
given by Zwingmann [1983]. The parameters v=1.25
and €=0.002 relate to how fast the lobe field falls off
with downtail distance.

The final component to the model is a
three-dimensional magnetic structure that creates a de-
pression, or WFR, near the Earth. The magnetic field
is given by

F(z)=(1- %)-".

B:VFR = 0
1
BY™ = B,Lysech(ZI0)tanh(£)2.G(:) ()
L, L,
BWFR - B - Bpsech(z +10 )SeChz(l)G(Z)’
L, L,

where the background normal field in the distant cur-
rent sheet is B, = 1 nT. The parameter B, = 28.45
nT causes a depression in the magnetic field near the
current sheet region, and L, = 31/2Rp determines how
wide the depression is in the current sheet region. Fi-
nally, the function G(z), given by

(6)

constrains the depression of the magnetic field to be
confined primarily to the current sheet region around
Z=0. The WFR is so named because it creates a de-
pression in the magnetic field around X =-10 Rg. It is
constructed to simulate the observation, mentioned at
the start of this section, that the growth phase current
sheet is enhanced in a radially and azimuthally confined
region. Its effect is to cause enhanced stretching of mag-
netic field lines in the near-Earth region. Furthermore,
various theoretical models predict a region of small B,
will form in the intermediate region between dipolelike
and taillike magnetic fields under the action of a dawn-
to-dusk electric field [Erickson, 1984; Hau et al., 1989).
As well, observational studies have demonstrated that
a region of depressed magnetic field occurs in the near-
Earth during the growth phase [Lui et al., 1992; Sergeev
et al., 1993]. The chosen position for the WFR, namely
about X = —10 R, is justified below in terms of obser-
vational data. The model NS magnetic field is not a fit
to the observational data presented. Rather, the com-
parison of the model with observational data is intended
to demonstrate that the model is not unreasonable.

2 —-1/3
G(z) = (1 + I 2) s
Y
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In the study by Rostoker and Skone [1993], AMPTE,
ISEE, and IMP 8 data were selected at times when
clear neutral sheet crossings were taking place. Using
these data they constructed an analytical representa-
tion of B, as a function of downtail position. In Figure
1, magnetic field values in the neutral sheet are com-
pared for the new model and the empirical function of
Rostoker and Skone [1993] (solid line), as well as other
statistical observations of neutral sheet magnetic field.
The model field is a reasonable fit of the Rostoker and
Skone function in the regions tailward of ~14 Rg. Near
X=-11 Rg, which is the intermediate region between
dipolelike and taillike magnetic fields, the new magnetic
field model has a depression not found in that statisti-
cal model and is larger within geostationary orbit. As
with T96, the statistical model of Rostoker and Skone
will tend to average out the extremes of magnetic field
behavior, so not too much importance should be placed
on this discrepancy. This is especially so in light of ex-
perimental observations of regions of small normal mag-
netic field during times when the magnetotail geometry
is stretched [Lui et al., 1992; Sergeev et al., 1993].

Also included in this figure are the statistical obser-
vations of Nakas et al. [1997] representing equatorial B,
during quiet and disturbed conditions. These data show
that during quiet times the magnetic field is larger than
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the Rostoker and Skone [1993] curve, whereas for dis-
turbed times, these data are smaller in the near-Earth
but larger beyond geostationary orbit. Within the stan-
dard deviations of these data (not shown) their results
are the same as Rostoker and Skone. The equatorial B,
data from Lui et al. [1992] (squares) and Sergeev et al.
[1993] (star) are the most useful, for they were specifi-
cally measured during case studies of the growth phase
and are in much better agreement with the new model
in the intermediate region between dipolelike and tail-
like magnetic fields. These data show that during the
growth phase, regions of small normal magnetic field
(B;) can occur in the near-Earth. The minimum in the
model magnetic field is located around X = —11 Rg.
Kaufmann [1987] showed that a requirement of growth
phase was enhanced stretching of field lines, particu-
larly in the near-tail region. He achieved the requisite
taillike field configuration at ~6.6 Rg by using a field
model comprising a dipole field and a system of three
infinitely thin current sheets in the tail. Our model is
slightly more complex and reproduces similar field ge-
ometries. Figure 2 shows magnetic field lines for thick
(L, = 1REg) (Figure 2a) and thin (L, = 0.05Rg) (Fig-
ure 2b) crosstail current sheet half-thickness parameter.
Thinning of the current sheet is evidenced by the de-
creased magnetic field radius of curvature in Figure 2b.

150 T T T T T T T T T
- Model 1
. — Rostoker and Skone [1993] |
—o— Nakai et al. [1997], Quiet
- —&— Nakai et al. [1997], Disturbed 1
o Luietal [1992] : 4
¥ Sergeev et al. [1993]

100 ]
l/_\ -
£
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m

50 .

0
-15 -10 -5
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Figure 1. Model magnetic field values in the neutral sheet compared to various satellite mea-
surements. The dotted line indicates the model magnetic field; the solid line is the empirical
function of Rostoker and Skone [1993], calculated irrespective of substorm phase. The circles
and triangles indicate B, during disturbed and quiet periods from the measurements of Nakai
et al. [1997]. The squares are the values from Lui et al. [1992], measured just prior to the onset
of magnetic field dipolarisation; the single star is for the growth phase measurements at X=-11

REg by Sergeev et al. [1993].
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Figure 2. Model magnetic streamiines in the noon-
midnight meridian for current sheet half-thickness (a)
L, =1 Rg and (b) L, = 0.05 Rg. In the latter case
the thinner current sheet is evidenced by the decreased
magnetic field line radius of curvature.

These two figures are similar to Kaufmann [1987, Fig-
ures 2 and 3] and include the negative curvature in the
near-Earth magnetic field lines.

4. Modeling Technique

The magnetic field model may be used to predict
where in the ionosphere regions of auroral proton pre-
cipitation will occur. In light of the observational con-
straints for Hg we choose proton energies of 10, 20, and
30 keV to calculate the k parameterin the crosstail cur-
rent sheet. These energies for precipitating protons are
around the average reported by Samson et al. [1992].
Next the parameter L,, which is related to the model
current sheet thickness, is varied, and the x parameter
is calculated as a function of L, and the allowed energy
ranges (namely 10-30 keV). The position and depth of
the magnetic WFR is not varied during the fitting pro-
cedure. Near the Earth the x parameter is largest, and
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it decreases with distance downtail. The boundary be-
tween adiabatic and nonadiabatic particle motion is de-
fined by the K = 3 separatrix in the near-earth neutral
sheet. As the current sheet thins, the location of the
equatorward border of proton precipitation, defined by
this separatrix, moves earthward. Samson et al. [1992]
found that the onset of the substorm intensification oc-
curs in the region of proton precipitation which maps to
the inner edge of the plasma sheet, namely the x = 3
separatrix. In the least squares fitting procedure, we
will assume that the k = 1 boundary, defined from the
10-30 keV protons, corresponds to the poleward border
of Hp emissions, although this may not always be true.
Figure 3 shows the model predicted latitudes of auroral
Hp emissions, plotted against current sheet thickness
parameter, L, (cf. equation (3)). The borders for the 10
keV protons are shown as dot-dashed lines, 20 keV are
solid lines, and 30 keV are dotted lines. In all cases it is
clear that as the current sheet thins, the precipitation
region moves equatorward. As well, the equatorward
border of the precipitation region moves equatorward
at a faster rate for small current sheet thicknesses.

In order to fit the model data to the MSP emissions,
we required a time series of the poleward and equa-
torward borders of the Hg luminosity. These were ob-
tained by fitting the emission borders to a Gaussian
function. Where it was not possible to get a good
fit using the Gaussian, we adopted a step function fit
[Blanchard et al., 1995, 1997]. Finally, we will use least
squares fitting of these model data to the actual MSP
measurements to see how well the model predicts the
observed locations of the auroral regions of luminosity.

68.51

Latitude

| [~ « 10keV
— 20 keV |
v 30keV |-

65.51

65.

64.51

6420 15 10 5 0
L

Figure 3. Model predictions for the regions of proton
precipitation in the ionosphere. Precipitation occurs
in the region between the high- and low-latitude bor-
ders. The ordinate is invariant latitude in degrees, and
the abscissa is the model current sheet half-thickness,
normalised to Ly, = 0.05 Rg. These curves were
computed by calculating the regions in the magnetotail
where 10, 20, and 30 keV protons achieve 1 < k < 3,
and then mapping these regions to the ionosphere & is
defined in equation (1)
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Figure 4. (a) Meridian scanning photometer data (486.1 nm) from Rankin Inlet and Gillam
stations in the CANOPUS array showing the growth phase and intensification of a substorm
event on March 9, 1995. AACGM coordinates are explained by Baker and Wing [1989]. (b)
Magnetic X component from the Churchill line of magnetometers. (c) Magnetic X component
Pi2 pulsations at Gillam. Local magnetic time is approximately UT minus 6 hours for the

Churchill line.
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5. Case Studies

As discussed in section 4, the magnetic field model
can be used to connect magnetically the field and cur-
rent variations in the magnetotail to the changes in the
precipitation pattern seen in the auroral regions. We
studied several events for which the growth phase is
very clear and has no Pi2 pulsations before the expan-
sive phase onset. In this section, data from two repre-
sentative sample substorm events are presented.

5.1 March 9, 1995

For the substorm on March 9, 1995, we looked at the
interval 0400-0600 UT. Voronkov et al. [1999] studied
this event in detail and estimated that growth phase
commences between 0325-0335 UT. In Figure 4a we
show the Hg (486.1 nm) emissions for 0400-0600 UT.
The data are in the form of emission intensity versus
invariant latitude and time, and have a 1 minute tem-
poral resolution. At 0400 UT, preexisting proton aurora
were moving slowly equatorward (~0.5°/10 min), and
the equatorward motion increased rapidly after ~0430
UT (~1°/10 min). Figure 4b presents the simultaneous
magnetometer data from the Churchill line of magne-
tometer stations. Only the geomagnetic north-south
(X) component is shown. A positive perturbation of
the magnetic X component appeared after ~0400 UT,
which indicates an enhancement in the eastward electro-
jet. The perturbation grew in magnitude until the ex-
pansive phase onset began at 0459 UT. Figure 4c shows
the impulsive Pi2 pulsations obtained by filtering the
raw data from the Gillam station. No Pi2 pulsations
are present prior to expansive phase onset at 0459 UT,
indicating a “quiet” growth phase. Figure 5 shows the
simultaneous 630.0 nm red emissions from low energy
precipitating electrons (< 1 keV). The poleward border
of these emissions define the high-latitude plasma sheet
boundary [Blanchard et al., 1995]). The latitudinal ex-
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tent of these emissions, indicated by arrows, can be used
to estimate the plasma sheet thickness. We will present
these results for plasma sheet thickness in a later pa-
per. For now we will concentrate only on the Hg and
consider only the crosstail current sheet thickness.

Figure 6a shows the Hg poleward and equatorward
borders obtained in the previously described method.
These borders are calculated during the late growth
phase and early expansive phase between 0430-0510
UT. Error bars are included which are approximately
equal to the latitudinal resolution of the photometer
observations. The model best fit predictions are shown
as circles. From these fits to the luminosity borders, we
obtained estimates for the model current sheet thickness
during the late growth and early expansive phases. The
thicknesses quoted here are calculated at X = —8 Rg.
The solid line in Figure 6b (right-hand ordinate) indi-
cates the location of the model plasma sheet inner edge.
According to the model calculations, the plasma sheet
inner edge moved towards the Earth, and at the time
of the substorm intensification it was inside 6 Rg. The
line marked with circles in Figure 6b is the best it cur-
rent sheet thickness, calculated at 8 Rg. At the start
of the modeling interval, at 0430 UT, the current sheet
was almost 2 Rg thick. It rapidly decreased, and within
20 min was 0.2 Rg thick. This is consistent with satel-
lite measurements [Fairfield, 1984; Mitchell et al., 1990;
Sergeev et al., 1993].

Next we calculated the current sheet thickness as a
function of time. We performed a least squares fit for an
exponential function between 0430-0510 UT, expressed
in terms of the current sheet half-thickness, L, as

L.(t) = Loexp(—t/7), (7

where Ly = 0.89 Rg and the timescale 7 = 9.6 min.
It is noteworthy that there is a high degree of corre-
lation between the thinning of the current sheet, cor-
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Figure 5. Meridian scanning photometer data (630.0 nm) from Rankin Inlet and Gillam stations
in the CANOPUS array showing the growth phase and intensification of a substorm event on
March 9, 1995. AACGM coordinates are explained by Baker and Wing [1989]. The arrows
indicate the latitudinal extent of the emissions at expansive phase onset. The poleward border
of luminosity defines the high-latitude plasma sheet boundary.
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Figure 6. (a) March 9, 1995, Hg emission boundaries are shown by the solid line with error
bars. The best fit values, calculated from the magnetic model predicted precipitation regions, are
indicated by circles. (b) Model predictions for the current sheet thickness at 8 Rg(left ordinate),
and plasma sheet inner edge position (right ordinate).

responding to magnetic field line stretching, and the
equatorward motion of the proton aurora. Within the
framework of our model, this implies that the equator-
ward motion of auroral precipitation is directly related
to the stretching of the magnetic field lines in the mag-
netotail. To our knowledge, this is the first time this
has been quantitatively demonstrated.

5.2 February 9, 1995

This substorm has been extensively studied [Lui et
al., 1998]. Owing to an unusually long northward in-
terplanetary magnetic field, the magnetosphere was as
close to a low energy or “quiet” state as is likely possible

- before a substorm. Figure 7a shows the Hg emissions

from 0330-0530 UT. Growth phase began at ~0335 UT,
as seen in enhanced Hj emissions and the magnetome-

.ter data. From this time the Hg emissions continued

moving equatorward until the expansive phase onset at
0437 UT, at which time the emissions rapidly moved
poleward. Figure 7b shows the ground magnetometer

X component at various locations in the Churchill line.
Figure 7c shows the Pi2 pulsations obtained by filtering
the raw data from the Back station and demonstrates
that prior to the expansive phase onset no Pi2 pulsa-
tions were visible.

The best least squares fit of the model precipita-
tion regions to the emission borders, calculated between
0400-0440 UT, are shown in Figure 8a. The best fit only
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Figure 7. (a) Meridian scanning photometer data (486.1 nm) from Rankin Inlet and Gillam
stations in the CANOPUS array showing the growth phase and intensification of a substorm
even on February 9, 1995. AACGM coordinates are explained by Baker and Wing [1989]. (b)
Magnetic X component from the Churchill line of magnetometers. (¢) Magnetic X component
Pi2 pulsations at Fort Churchill. Local magnetic time is approximately UT minus 6 hours.

appears to be reasonable up to ~ 0428 UT; after this
time the model is not a good fit to the high-latitude
precipitation border (Figure 8a). As with the previous
example, the model plasma sheet inner edge was driven
toward the Earth and was little more than 6 Rg away at
intensification. During the early stages of the modeling
interval the predicted current sheet thickness is about
0.7 Rg. By 0430 UT it slightly less than 0.1 Rg thick.

An interesting observation is that the current sheet re-
mains extremely thin (~0.1 Rg) for tens of minutes
prior to the substorm intensification. This observation
is helpful in theoretical modeling of growth phase, where
current sheet thickness is an important parameter. An
exponential fit to the model crosstail current sheet half-
thickness yielded Ly = 0.60 R and 7 = 5.2 min. The
exponential fit was calculated between 0402 and 0428
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Figure 8. (a) February 9, 1995, Hs emission boundaries are shown by the solid line with error
bars. The best fit values, calculated from the magnetic model predicted precipitation regions,
are indicated by circles. (b) Model predictions for the current sheet thickness (left ordinate) and
plasma sheet inner edge position (right ordinate).

UT. In this case, the timescale of growth phase thin-
ning is smaller than that for the March 9, 1995, event.
If one assumes that current sheet thickness corresponds
inversely to energy input into the magnetosphere, this
implies that the rate of energy input was faster than for
the March 9, 1995, case. Equatorward motion of the
auroral luminosity acts as a proxy to the energy input
into the auroral oval. Luminosity regions at higher lat-
itudes imply a less stressed magnetotail configuration.
For this situation, less energy input is required than for
when the luminosity regions are at low latitudes, and
the magnetotail is more stressed. The modeling is cor-
roborated by the MSP data which show that the region
of luminosity for February 9 was driven further equator-
ward than for the March 9 case. Another event studied
on February 23, 1995 (data not shown), is consistent

with this hypothesis. For this event (February 23, 1995)
we found a timescale of 22.7 min for current sheet thin-
ning, and the luminosity boundaries were consistently
poleward of the present data.

For interest, we also show the February 9, 1995, best
fit at expansive phase onset (0437 UT). It is fascinat-
ing that the model predicts an impulsive thickening of
the current sheet and tailward motion of the plasma
sheet inner edge. However, not too much confidence
should be placed in the model statistics at onset be-
cause the magnetotail geometry is changing so rapidly
at this time. Future models will address this issue. For
each of the events studied we found that the predicted
locations of precipitating protons proceed equatorward
at the same rate as the Hg auroral luminosity. Again,
this provides evidence of the correlation between mag-
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netic field line stretching and the equatorward motion
of the proton aurora.

6. Conclusion

In this report our thesis was that the Hg auroral emis-
sions are partly due to the thinning of the equatorial
crosstail current sheet. We have demonstrated a sim-
ple technique to calculate the thickness of the crosstail
current sheet during the growth phase of a magneto-
spheric substorm. Two length scales are important in
this study, namely, the magnetic field radius of curva-
ture in the equatorial plane and the proton gyroradius.
At the start of the substorm the current sheet thick-
ness is typically larger than the proton gyroradius and
ions behave adiabatically. As the current sheet thins
and becomes of the order of the proton gyroradius,
they become nonadiabatic and may be scattered into
the ionosphere [Zeleny: et al., 1990]. As shown by Liu
et al. [1998], strong nonadiabatic behavior can lead to
enhanced proton precipitation leading to Hg. By using
the ionospheric data as a proxy for precipitation, we are
able to map the changing topology of the magnetotail
current sheet during substorm growth phase. Together
with the MSP data and a simple magnetic field model,
we have shown that the crosstail current sheet does in-
deed thin during the course of a typical growth phase
and that this thinning corresponds to an equatorward
motion of the region of precipitating protons. For these
case studies we found that the current sheet can thin
dramatically during the growth phase, from 2 Rg to as
little as 0.1 Rg within 40 min. The current sheet can re-
main extremely thin for tens of minutes. Furthermore,
using the fact that the Hg emissions mark the earth-
ward edge of the plasma sheet, we demonstrated that
the model inner edge of the plasma sheet moved several
Rg closer to the Earth during the course of the growth
phase. At the end of the growth phase on March 9,
1995, we found that it can be within 6 Rg.

Our results give a time dependent description of
the magnetic field change during the substorm growth
phase. The model predicts an evolution from a less
stretched to a more stretched magnetic geometry dur-
ing the course of the growth phase and the equator-
ward motion of the precipitation region. An outstand-
ing problem in substorm physics is the accurate map-
ping of auroral features to the magnetically connected
regions in the magnetotail. Although our magnetic field
model does not include more complicated and realistic
components, it has the benefit that it is extremely sim-
ple and is able to make physically reasonable predictions
of crosstail current sheet thickness near midnight. This
simplicity allows easy access to understand the variation
of the crosstail current sheet thickness during substorm
growth phase.

We have shown that the growth phase Hg emissions
can be at least partially explained by the precipitation
of protons out of the thinning crosstail current sheet.
Furthermore, magnetic field line stretching in the mag-
netotail (i.e., thinning of the current sheet) is correlated
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with the equatorward motion of the Hg. Finally, the
model has demonstrated that the crosstail current can
thin to ~0.1 Rg during the course of the growth phase
and that the inner edge of the plasma sheet can move
to inside 6 R at substorm intensification.
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