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Modeling of time-evolving magnetic fields during 
substorms 

G. Lu, • N. A. Tsyganenko, 2 A. T. 
and S. Kokubun • 

Y. Lui, 3 H. J. Singer 4 T. Nagai s 

Abstract. An attempt has been made to model the dynamics of the magnetospheric 
magnetic field during substorms by modifying the 1996 version of the data-based 
model by Tsyganenko [1996]. The modified model incorporates an adjustment to 
the intensity and thickness of the near-tail current sheet and a contribution from 
the substorm current wedge. These improvements make it possible to use the 
model to represent the evolution of the magnetic field during the entire substorm 
sequence of growth, expansion, and recovery. The modeled magnetic fields have 
been compared to satellite observations during three isolated substorms. According 
to the model results, during the substorm growth phase the thickness of the tail 
current sheet was gradually decreased while the intensity of the tail current was 
gradually increased; by the end of the growth phase a thin current sheet of 190-1340 
km in half thickness was formed in a narrow region around X ,• -7.5 RE, with a 
maximum westward current density of 9-23 nA/m 2. During the substorm expansion 
phase an eastward current associated with the substorm current wedge started to 
develop around X -• -12 R•, resulting in a collapse of the previously stretched 
field configuration. At the peak of an intense substorm the net tail current flow 
became eastward between X = -11 and X = -13 RE, accompanied by a negative 
(southward) Bz tailward of-13 RE. 

1. Introduction 

There currently exist several magnetospheric mag- 
netic field models. Among them, a series of data-based 
empirical models [i.e., Tsyganenko, 1987, 1989, 1995, 
1996] (hereinafter referred to as T87, T89, T95, and 
T96, respectively) has been widely used. These models 
are based on statistical analysis of many years of satel- 
lite observations and are quasi-steady in nature. There- 
fore they are not suitable for studying time-varying 
phenomena such as substorms. Efforts in developing 
a time-dependent magnetic field model have been made 
by Pulkkinen et al. [1991, 1992, 1994, 1998]. However, 
their approach was based on the T89 model, which did 
not have a realistic magnetopause and which did not 
include explicitly the field-aligned current system. T89 
was parameterized only by means of binning data into 
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several intervals according to the 3-hour Kp index and 
did not include large-scale effects of the solar wind con- 
ditions upon the geomagnetic field configuration. In 
their studies, Pulkkinen et al. modified the intensity 
and thickness of the tail current in order to model the 

stretching of the magnetic field during the substorm 
growth phase and the relaxation during the recovery 
phase. Because of the lack of the substorm wedge cur- 
rents, their model could not replicate the substorm ex- 
pansion phase. So far, the modeling studies of Pulkki- 
nen et al. have been the only effort to empirically repre- 
sent the substorm growth and recovery phases [Pulkki- 
nen et al., 1991, 1992, 1994, 1995, 1998]. 

In this paper, we introduce an improved time-evolving 
magnetic field model, aimed at representing temporal 
variations of the magnetospheric currents during a sub- 
storm. Our study is based on the T96 model, with mod- 
ifications to the intensity and thickness of the tail cur- 
rents [Tsyganenko and Peredo, 1994], along with an ad- 
ditional magnetic field due to the substorm wedge cur- 
rents [Tsyganenko, 1997]. The main feature of this new 
time-evolving model is that it can be applied to study 
the entire substorm process, including the growth, the 
expansion, and the recovery phase. 

2. Model Description 

As described by Tsyganenko [1996], the T96 model 
has been improved over its predecessors in several as- 
pects. The total field in T96 is the sum of contributions 
from all major magnetospheric currents, including the 
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ring current, the tail current, and the region 1 and re- 
gion 2 field-aligned currents, plus the interconnection 
field due to partial penetration of the interplanetary 
magnetic field (IMP). The shielding fields for each mag- 
netospheric current system are introduced separately to 
ensure a proper confinement of the total field within the 
magnetopause for any specific combination of the input 
parameters. The model is parameterized by the solar 
wind dynamic pressure, the IMP By and Bz compo- 
nents, and the Dst index. 

In the T96 model, the total magnetic field of the 
cross-tail current was represented as a sum of two inde- 
pendent modules for the two current sheets With essen- 
tially different variations of the current density along 
the tail [Tsyganenko and Peredo, 1994; Tsyganenko, 
1995, 1996]. In the first module the current density 
rapidly increased at the inner edge of the current sheet 
located at X = -4 RE, peaked at X =-10 RE, and then 
gradually fell off to zero at larger tailward distances. 
The second module was introduced in order to maintain 

the correct values of the magnetic field in the distant 
magnetotail. The strength of the current in that mod- 
ule was smoothly increased from zero at X = -10 RE to 
a finite asymptotic value, providing a magnetic field of 
-• 10 nT at and beyond lunar orbit, in accordance with 
ISEE 3 [e.g., Slavin et al., 1985] and Geotail [Yamamoto 
et al., 1994] observations. The amplitude of the total 
current in the two modules was parameterized by the 
solar wind pressure and by the IMF, and they had a 
strong influence on the magnetotail field configuration. 

In addition to the modification of the existing tail cur- 
rent sheet in T96, a new tail current module is needed 
in order to model a transient, strongly tail-like geom- 
etry of the disturbed field at geosynchronous altitude 
[e.g., Kokubun and McPherron, 1981] while maintain- 
ing a positive Bz component in the central plasma sheet 
during the substorm growth phase. This additional cur- 
rent sheet is similar to the near-tail current sheet in 

T96, but its current density peaks around-6 RE and 
has a much faster tailward falloff than that in T96. The 

shielding effect of the added tail current has also been 
taken into account in the new module. 

To replicate the effect of the collapse of the night- 
side magnetic field, an empirical model of the substorm 
current wedge has recently been developed by Tsyga- 
nenko [1997], which consists of a pair of spread-out cur- 
rent loops that cross each other in the equatorial plane. 
Such a twin-loop topology mimics the wedge shape pro- 
posed by McPherron et al. [1973]. This wedge-shaped 
current circuit produces the dipolarization reconfigura- 
tion of the magnetic fields observed during the substorm 
expansion phase. The current wedge has adjustable lon- 
gitudinal width and radial extension, along with an ad- 
justable azimuthal shift away from the midnight merid- 
ian. The amplitude of the wedge current is also an 
adjustable parameter which controls the degree of the 
overall dipolarization. 

The time-evolving magnetic field is modeled as fol- 
lows. During the growth phase the tail current sheet 
thickness is assumed to decrease as a linear function 

of time, while the total tail current intensity (along 
with the corresponding shielding current) is increased 
linearly. The half thickness of the inner tail current 
sheet decreases from the initial value D(X, Y) in the 
T96 model to a minimum value at the onset of the sub- 

storm expansion phase by multiplying a factor of F(X): 

zxx 

where Xc specifies the central thinning location in the 
X direction, AX is the scale size of the thinned region, 
and A is the factor by which the current sheet thickness 
is being reduced. At the same time, the tail current in- 
tensity is increased to (1 + ftaii•) times the T96 model 
value, and the added tail current intensity is increased 
from 0 at the beginning of the growth phase to an am- 
plitude of frail2 at the onset of the expansion phase. A 
similar localized thin current sheet was also applied in 
the model of Pulkkinen et al. [1991, 1992, 1994, 1998]. 
From the onset of the expansion phase until the end of 
the recovery phase, the thickness as well as the inten- 
sity of the tail current is gradually returned back to the 
T96 model values, and the added tail current gradually 
diminishes. In this time-evolving model, the intensity 
of the substorm wedge current fscw is controlled by 
the AL index. The magnetic field associated with the 
wedge current is turned on once the AL index falls be- 
low a specified threshold value ALe: 

f scw = 0 AL > ALe 

fscw = B(IAœ1- Inœ01) nœ < nz0 (2) 

A longitudinal shif• of •he curren• wedge can also be 
introduced by rotating i• with respec• •o •he midnigh• 
meridian by an angle of 0. 

We would like •o poin• ou• •ha• since bo•h T96 and 
the modified magnetic field model consis• of a se• of 
modules, •he region 1 and region 2 Birkeland currents 
as well as •he subs•orm wedge currents are only ap- 
proximately in •he direction of an average B field when 
away from •he low-altitude ionosphere [Ts•ganenko and 
Stern, 1996; Ts•ganenko, 1997]. 

3. Model-Observation Comparison 

In this section, we demonstrate how the observed 
evolving magnetic field configurations are represented 
by the model. Our basic approach was to make a series 
of trial-and-correction tests, by comparing the predicted 
field variations with those measured by spacecraft dur- 
ing three isolated substorm events and by readjusting 
the model parameters. The final values of these variable 
parameters are listed in Table 1. 
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Table 1. Parameters Used for the Three Events 

Parameters January 9, 1997 January 12, 1997 May 15, 1996 

A 0.99 0.97 0.93 

Xc 7.0 7.3 7.5 
AX 2.5 3.5 2.4 

ftait• 0.11 0.02 0.03 
frail2 20 5 3 
fsc 0.8(IALI- 120) 6.0(IALI- 200) 0.5(IALI- 80) 

0, 5 ø 12 ø 0 ø 

* Positive 0 represents a counterclockwise shift from the midnight meridian toward dawn. 

3.1. Event 1' January 9, 1997 

The solar wind and geomagnetic conditions for event 
I are shown in Figure 1. Figures la-lc are the 1-min 
averaged solar wind dynamic pressure and interplane- 
tary magnetic field (IMF) measurements by the Wind 
satellite. At 0700 UT on January 9, 1997, Wind was lo- 
cated at (78,-60,-3) RE in GSE (X, Y, Z) coordinates, 
and the average solar wind bulk speed was •- 400 km/s. 
Thus a time delay of 21 min had been applied in Fig- 
ure I to account for the solar wind propagation from 
the satellite location to the magnetopause. Since the 
purpose of this study is not the identification of the 
external trigger of the substorm, the accuracy in es- 
timating the solar wind propagation time is not very 
critical. In Figure l d, the solid lines show the auroral 
indices of AL and A U, respectively, which were derived 
from the 5-min averaged north-south component of the 
magnetic perturbations measured by 68 ground stations 
located in the auroral zone between 155ø1 and 176ø1 mag - 
netic latitudes in all magnetic local times (MLTs). The 
dashed line, on the other hand, is the AL index but 
estimated from only those auroral stations located be- 
tween 2100 and 0100 MLT. It therefore represents the 
westward auroral electrojet near the midnight sector. 
The good agreement between the solid and dashed AL 
curves indicates that the enhanced westward electrojets 
during the substorm were mainly confined in the mid- 
night region. The midnight AL index began to decrease 
gradually at •- 0600 UT and then dropped abruptly at 
•- 0745 UT, marking the onset of the substorm expan- 
sion phase. After 0840 UT the substorm went into its 
recovery phase, as indicated by the gradual increase in 
AL. During the entire substorm interval the IMF re- 
mained nearly steady; there were some fluctuations in 
the solar wind dynamic pressure which may have caused 
the substorm (if the substorm was indeed externally 
triggered). The stable and small magnitude of the Dst 
index (not shown), with an average value of 2 nT, in- 
dicates that there were no magnetic storms during the 
period. 

Figure 2 presents the comparison between the mod- 
eled magnetic fields and observations from the GOES 8 

and 9 satellites. Both GOES 8 and 9 are geosyn- 
chronous satellites, and local midnight is at •- 0500 UT 
for GOES 8 and 0900 UT for GOES 9. Starting at 
•- 0600 UT, both satellites observed a gradual decrease 
in the Bz component, implying a growth of a tail-like 
magnetic field topology. However, as observed by both 
GOES 8 and 9, the tail-like stretching during the growth 
phase was not simply linear; rather, it evolved in two 
stages: a slow (with more than an hour in duration) 
stretching followed by a rapid (with 5-10 rain in du- 
ration) stretching. This two-stage development of the 
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Figure 1. Solar wind and geomagnetic conditions 
between 0500 and 1000 UT on January 9, 1997: (a) so- 
lar wind dynamic pressure, (b) interplanetary magnetic 
field (IMF) By component, (c) IMF Bz component, and 
(d) A Uand AL indices. A time delay of 21 min has been 
applied to the Wind data. IMF By and Bz components 
are in GSM coordinates. 
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Figure 2. Comparison between the modeled and mea- 
sured magnetic fields in GSM coordinates on January 9, 
1997: (a) Bx component, (b) By component, and (c) Bz 
component. The scale for GOES 9 is given on the right 
side of Figures 2a-2c. The solid lines show the GOES 
data, the dotted lines show the T96 model values, and 
the dashed lines show the modified model results. 

magnetic field configuration is similar to the schematic 
illustration of the tail current intensity change proposed 
by Ohtani et al. [1992a]. However, the explosive growth 
phase in their study was even shorter (less than 1 min) 
than the duration of the second stage of the rapid field 
stretching shown here. By 0753 UT, right before the 
field dipolarization, GOES 9 observed a total decrease 
in Bz of --• 35 nT. The dipolarization seen by GOES 8, 
however, was 9 min later at --• 0802 UT, and the total 
decrease in Bz for GOES 8 during the growth phase was 
--• 25 nT. Note that the dipolarization signature (e.g., 
the rapid increase in Bz) seen at the geosynchronous 
altitude was --• 8-17 min later than the substorm onset 

signature observed in the low-altitude ionosphere (e.g., 
the sudden decrease in the AL index). After 0900 UT 
both satellites measured a flattened Bz. 

To model the magnetic field configuration during this 
substorm interval, the tail current amplitude parame- 
ters ftai]• and ftafl2 were linearly increased from 0 at 
0600 UT to the maximum values given in Table 1 at 
0755 UT. At the same time, the current sheet thick- 
ness was reduced by 99% from the T96 model value. 
At present, because of the UT difference regarding the 
start time of the second explosive field stretching be- 
tween the two GOES satellites, we have not incorpo- 

rated the two-stage development of the tail current dur- 
ing the growth phase. Such a UT difference probably is 
caused by the motion of the tail current disruption that 
expands both azimuthally [Nagai, 1982; Arnoldy and 
Moore, 1983] and radially [Lopez and Lui, 1990; Ohtani 
et al., 1991, 1992b]. In the future model improvements 
we shall include the tail current motion as an adjustable 
parameter so that the UT dependence of the local mag- 
netic field configuration can be reproduced in the model. 
From 0755 to 1030 UT both ftaill and ftai12 gradually 
returned to 0, and the thickness of the tail current sheet 
gradually resumed its T96 value. In this case, the sub- 
storm wedge current was activated at • 0750 UT after 
the midnight AL index exceeded the threshold value of 
-120 nT. The current wedge was shifted 5 ø counterclock- 
wise away from the midnight meridian plane. 

As indicated by the dashed lines in Figure 2, the 
modified model shows a fairly good agreement with the 
GOES data, especially in the B• component. The mod- 
ified model reproduced quite well the decrease of B• 
during the growth phase, the field dipolarization as in- 
dicated by the sharp rise in Bz during the expansion 
phase, and the relaxation in B• during the late recovery 
phase. In contrast, the unmodified T96 model showed 
a nearly constant Bz throughout the substorm interval. 
However, at the GOES 8 location the modeled dipo- 
larization appeared • 7 min earlier than the observa- 
tion. The time difference in dipolarization between the 
two GOES satellite indicates that the substorm-related 

disturbances, which are yet to be incorporated in the 
model, may propagate toward the Earth and/or expand 
azimuthally. For the Bx component the modified field 
resembled quite well the observed temporal variations, 
particularly for the GOES 9 data, but it overestimated 
the magnitude by 5-20 nT comparing with the GOES 8 
data. As for the By component, both model results were 
similar to the GOES observations. Unfortunately, the 
Geotail satellite was located outside of the magneto- 
sphere during this event. 

3.2. Event 2: January 12, 1997 

Figure 3 shows the 1-min averaged solar wind dy- 
namic pressure and the IMF measured by the Wind 
satellite and the 5-min averaged A U and AL indices. A 
time delay of 22 min has been taken into account for 
the Wind data. As indicated by the AL index (both 
the solid and dashed AL lines), the growth phase of 
substorm began around 0630 UT, the onset of the sub- 
storm expansion phase was first observed at 0725 UT 
when AL started to decrease abruptly, and the recovery 
phase started at --• 0825 UT after AL reached its peak 
value of 1200 nT. There was also a second onset or in- 

tensification at --• 0810 UT when AL dropped sharply 
again after the first onset. In addition to the fluctu- 
ations in the solar wind dynamic pressure, there were 
large fluctuations in the IMF. Dst was nearly constant, 
with an average daily value of -• -16 nT. 
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Figure 3. Solar wind and geomagnetic conditions 
between 0500 and 1000 UT on January 12, 1997: (a) 
solar wind dynamic pressure, (b) IMF By component, 
(c) IMF Bz component, and (d) A U and AL indices. 
The Wind data are lagged by 22 min. IMF By and Bz 
components are in GSM coordinates. 

The GOES magnetic field observations are shown in 
Figure 4 as the solid lines. The clearest signature of 
dipolarization was seen at 0730 UT by GOES 9 and 
at 0740 UT by GOES 8. Again, the dipolarization at 
geosynchronous altitude was 5-15 min later than the 
ionospheric onset signature. It is worth pointing out 
that even though the magnitude of the AL index in this 
substorm event was about 3 times that for the January 
9 substorm, the total observed reduction in Bz by the 
GOES satellites was -• 10 nT less than that in the pre- 
vious case. Notice that the UT difference between the 

two substorm events was only -• 20 min. 
In this case, the current sheet thickness was reduced 

by 97% from the T96 value at 0732 UT, and the maxi- 
mal tail current amplitude was 0.02 for frail1 and 5 for 
frail2. The substorm current wedge started to develop at 
-• 0728 UT when AL exceeded the threshold of-200 nT 

and was shifted 12 ø into the postmidnight sector. The 
intercomparison between the modeled magnetic fields 
and the GOES observations is shown in Figure 4. As 
one can see, the modified model again agreed reason- 
ably well with the GOES observations. The modified 
model reproduced all main variations in the Bz compo- 
nent measured by the satellites, including the stretching 
of the magnetic field during the growth phase, the field 
dipolarization during the expansion phase, and the field 
relaxation during the recovery phase. The unmodified 

T96 model, on the other hand, totally failed to show 
any such changes associated with the substorm activity. 
Though the modified model showed the similar tempo- 
ral Bx variations similar to the GOES 9 observations, 
it overestimated the field component by -• 10 nT. The 
overestimation was even larger when compared with the 
Bx and By measurements by GOES 8. We tried to in- 
corporate a Y-dependent factor for the current sheet 
thickness in (1), similar to Pulkkinen et al. [1994, 1998]; 
however, the effect on Bx and By in this case was small. 
This indicates that a more complicated current sheet 
configuration probably is required in order to improve 
the agreement with the GOES 8 observations. 

The Geotail satellite was located at about (-29, 6, 
-3) RE in GSM coordinates at 0800 UT on January 12, 
1997. Figure 5 shows the Geotail observations as well as 
the modeled magnetic fields. Figure 6 illustrates the X- 
Z projection of the magnetic field lines at the 0.8 MLT 
meridian. Figure 6a shows the unmodified T96 field 
lines, and Figure 6b shows the modified field lines. In 
both Figure 6a and Figure 6b the solid lines correspond 
to the field configuration at the onset of the substorm 
expansion phase, and the dotted lines correspond to the 
peak of the expansion phase. The modified model and 
the T96 model were nearly identical at the Geotail lo- 
cation, and both showed very small values, consistent 
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Figure 4. Comparison between the modeled and 
measured magnetic fields on January 12, 1997: (a) Bx 
component, (b) By component, and (c) Bz component. 
The scale for GOES 9 is given on the right side of Fig- 
ures 4a-4c. 
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Figure 5. Comparison between the Geotail mea- 
surements and the modeled fields during January 12, 
1997: (a) Bx component, (b) By component, and (c) 
Bz component. Note that the dotted and dashed lines 
are nearly overlapped. 

with the B u and Bz components measured by Geotail. 
For the Bx component, Geotail observed large field fluc- 
tuations between 0730 and 0800 UT, while the models 
showed a very small magnitude. However, as indicated 
in Figure 6, Geotail was located near the neutral sheet. 
So it is likely that the variations in the Bx component 
were due to the flapping motion of the magnetotail. 
On the basis of the model calculation, a fluctuation of 
+10 nT in Bx at the Geotail location (X -• -30 RE) 
would correspond to a tail flapping of +1.5 RE in the 
Z direction. This is consistent with the flapping mo- 
tion observed by the ISEE spacecraft [McComas et al., 
1986]. A close examination of the Geotail data also 
showed that from 0748 to 0756 UT (between the two 
substorm onsets or intensification) the magnitude of Bx 
slowly increased from 17 to 20 nT, an indication of the 
magnetic field flux accumulation (or magnetic energy 
storage) in the tail lobe due to the effect of the second 
growth phase [Baker et al., 1981; Nagai et al., 1997]; 
from about 0805 to 0900 UT, Geotail was in the north 
lobe, and the gradual decrease in the magnetic field 
strength indicated a release of magnetic field flux (or 
magnetic energy dissipation) probably associated with 
magnetic reconnection [Baker et al., 1981]. 

The January 12 event was a very intense substorm. 
Dramatic magnetic field dipolarization was evident when 
comparing the dotted lines in Figure 6b with those in 
Figure 6a. For instance, the dash-dotted line in both 
Figure 6a and Figure 6b has a footprint of 70 ø magnetic 
latitude in the northern ionosphere. In the unmodified 
T96 model, that ionospheric footprint would map to a 
midtail distance of X = -27 RE; in the modified model, 

however, the same footprint maps much closer to the 
Earth at X - -7 RE. 

3.3. Event 3: May 15, 1996 

Event 3 has been studied in detail by Pulkkinen et 
al. [1997, 1998]. Figure 7 shows the Wind observations 
(with a time delay of 14 min) of the solar wind dynamic 
pressure and the IMF B u and Bz components as well as 
the auroral indices from 0050 to 0900 UT on May 15, 
1996. By inspecting the AL index the substorm growth 
started at -• 0550 UT when the southward turning of 
the IMF Bz arrived at the magnetopause; the first onset 
of the substorm expansion phase was at -• 0625 UT, 
followed by a second onset at -• 0705 UT. There were 
no magnetic storms during this period, and the daily 
averaged Dst was - 14 nT. 
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Figure 6. The projections of the magnetic field lines 
in the early morning meridian plane at 0.8 MLT for 
(a) the T96 model and (b) the modified model. The 
plus signs in Figures 6a and 6b indicate the equator as 
defined by the most distant point of the closed field line 
from the Earth. The dots indicate the satellite positions 
projected in the X-Z plane at 0800 UT. The two groups 
of solid and dotted field lines have the same ionospheric 
footprints that span from the north magnetic pole to 
50 ø in magnetic latitude. The adjacent field lines are 
3.33 ø apart, and the dash-dotted line has an ionospheric 
footprint at 70 ø in magnetic latitude. The dipole tilt 
angle in this case is about-28 ø . 
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Figure 7. Solar wind and geomagnetic conditions 
between 0500 and 0900 UT on May 15, 1996: (a) solar 
wind dynamic pressure, (b) IMF By component, (c) 
IMF Bz component, and (d) A U and AL indices. A 
time delay of 14 min has been taken into account for 
the Wind data. IMF By and Bz components are in 
GSM coordinates. 

In modeling the growth phase the current sheet thick- 
ness was thinned linearly in time by 93% from 0550 to 
0625 UT, and the tail current amplitude was 0.03 (for 
)etaill) and 3 (for frail2), respectively. From 0625 to 0757 
UT, these adjustable parameters gradually returned to 
their initial values. The thin tail current sheet was cen- 

tered at Xc = -7.5 RE, close to the value (- 7.6 RE) 
that Pulkkinen et al. [1998] used in their model. 

Figure 8 shows the comparison between the mod- 
eled magnetic fields and the GOES and Geotail obser- 
vations. At 0700 UT, GOES 8 was located at (-5.3, 
-3.2, 2.2) RE, GOES 9 was located at (-5.4, 3.4, 1.5) 
-RE, and Geotail was located at (-7.4,-6.9, 0.2) -RE in 
GSM coordinates. Although the minimum AL value 
in this case was only 50 nT larger than that in the 
January 9 event, the total decrease in Bz observed by 
the three spacecraft during the growth phase was less 
than 20 nT. At the first onset at about 0625 UT, both 
GOES 8 and Geotail in the morning sector experienced 
a weak field dipolarization as indicated by the increase 
in B•. However, the GOES 9 satellite located in the 
premidnight sector saw a further decrease in B•, im- 
plying that the satellite was outside of the substorm 
wedge current. GOES 9 observed a dipolarization sig- 
nature at 0655 UT (10 min before the second onset) as 
well as at 0712 UT (7 min after the second onset). After 

the second onset the Bz component at GOES 8 contin- 
ued to decrease for another 17 min before increasing 
again at 0722 UT. The modified model showed a good 
agreement with the GOES 8 observations during the 
growth phase as well as at the first onset, but it failed 
to reproduce the time delay in dipolarization observed 
by GOES 8 during the second onset. Compared with 
the GOES 9 data, the modeled B• field resembled the 
temporal variations during the second onset (the overes- 
timate in magnitude was probably due to the fact that 
the base field represented by T96 was too high), but it 
failed to show the sharp decrease at the first onset. In 
order to simulate the complicated magnetic field con- 
figuration observed by both GOES satellites, it is nec- 
essary to include a time-dependent azimuthal shift of 
the substorm current wedge from the midnight merid- 
ian plane so that GOES 9 was located outside the wedge 
at the first onset and then came inside of the wedge dur- 
ing the second onset. Such an effort will be included in 
future model development. The bump-like structures 
near the two onsets in the By component at GOES 8 
also indicated that the wedge currents should be more 
filamentary than that currently described in the model 
[Tsyganenko, 1997]. The agreement between the model 
and Geotail observations in all three field components 
was generally good. 
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Figure 8. Comparison between the modeled and mea- 
sured magnetic fields on May 15, 1996: (a) B• compo- 
nent, (b) component, (c) component. 
scale for GOES 9 is again shown on the right side of 
Figures 8a-80. 
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4. Discussion 

Though they may differ in details from one substorm 
event to another, the general features of the central cur- 
rent sheet variations associated with substorms can be 

summarized as the following: During the growth phase 
the intensity of the tail current increases while its thick- 
ness decreases, causing a strong tailward stretching of 
the magnetic field lines. During the expansion phase 
the tail current disrupts in the near-Earth region, and 
the substorm wedge current develops, causing the mag- 
netic field dipolarization. During the recovery phase the 
wedge current gradually disappears, and the tail current 
resumes its presubstorm configuration. 

Our time-evolving substorm magnetic field model is 
based on the above observed features when modifying 
the T96 model. The parameter A listed in Table I corre- 
sponds to the maximum reduction of the central current 
sheet thickness at the onset. For the three substorm 

events studied the half thickness of the central current 

sheet was linearly decreased from 3 RE at the beginning 
of the growth phase to 190 km (a 99% reduction) for 
January 9, 1997, 570 km (a 97% reduction) for January 
12, 1997, and 1340 km (a 93% reduction) for May 15, 
1996, respectively, at the onset of the expansion phase. 
The thinnest region was located between 7 and 7.5 RE 
tailward of the Earth, as specified by the parameter Xc 
in Table 1. The half thickness of 190-1340 km is con- 

sistent with the previous observations of 0.1-0.3 RE in 
the current sheet half thickness, but the central thinning 
location is earthward of the distance (•0 8-11 RE) ob- 
served by satellites [Fairfield, 1984; $ergeev et al., 1990, 
1993; Mitchell et al., 1990]. Note, however, that the 
thinning location Xc is a variable parameter. Because 
of the lack of satellite observations between 8 and 11 RE 
during the three events studied, it is possible that the 
central thinning location was not being correctly de- 
fined in our model. On the other hand, since there are 
rarely observations available in the near-tail region be- 
tween 7 and 8 RE near the midnight meridian during 
substorms, a thin neutral sheet formed in this region 
may not be readily detectable. An enhanced current 
density in the near-Earth region due to both the tail 
current thinning and the added inner tail-disk current 
increasing is needed in order to reproduce the observed 
30-40 nT reduction in Bz by the GOES satellites. This 
is similar to the effort made by Kaufmann [1987] and 
Pulkkinen et al. [1992, 1994, 1998] when modeling the 
stretched magnetic fields near geosynchronous altitude. 

Observations have shown a wide range of variations 
of current density in the plasma-current sheet in the 
course of a substorm. On the basis of the observa- 

tions made by a pair of closely spaced ISEE satel- 
lites, Mitchell et al. [1990] showed that the tail current 
sheet at the late growth phase was only •0 400 km (or 
•0 200 km in half thickness) at 11 RE downstream of 
the Earth, with an inferred current density as high as 
100 nA/m 2. By reanalyzing the same event, Sergeev 

et al. [1993] found that the half thickness of the cur- 
rent sheet changed from •0 3000 km at the beginning 
of the growth phase to •0 600 km I min before the on- 
set, which was •0 3 times the value found by Mitchell 
et al. [1990]. Consequently, the current density of 
•0 35 nA/m 2 found by Sergeev et al. was about one 
third of that found by Mitchell et al.. Studies con- 
ducted by Lui et al. [1992] found a current density of 
27-80 nA/m 2 near the Active Magnetospheric Particle 
Tracer Explorers (AMPTE)/CCE apogee (•0 8.8 
However, smaller current densities in the central plasma 
sheet have also been reported. For example, Sergeev et 
al. [1994] found from the AMPTE/CCE measurements 
a magnetic field gradient of 80 nT/RE, or an equiva- 
lent current density of •0 10 nA/m 2, at •0 8.5 RE down 
the tail. Model simulations by Pulkkinen et al. [1994] 
showed a peak current density of 5-40 nA/m 2 in the 
central current sheet. Statistical study of Nakai et al. 
[1997] found that the neutral sheet current maximized 
near the geosynchronous altitude and that the maxi- 
mal current density in the central current sheet during 
disturbed period (e.g., AL < -200 nT) was only •0 6 
nA/m 2 . 

Changes of the tail current density in the course of 
substorms can be examined with Figure 9, which shows 
the profiles of the Bz component (Figure 9, top) and 
the dawn-to-dusk current density Jy (Figure 9, bot- 
tom) in the central current sheet for the three events. 
In each profile, the solid lines correspond to the begin- 
ning of the growth phase, the dotted lines correspond 
to the end of the growth phase (or the onset of the ex- 
pansion phase), and the dashed lines correspond to the 
peak of the expansion phase. As the substorm growth 
phase proceeded, Jy gradually increased and reached 
the maximum value right before the onset of the ex- 
pansion phase. The peak current density was located 
around 7 RE tailward of the Earth. The maximum Jy 
value of 9-23 nA/m 2 is comparable with some of the 
previous results discussed above. During the expansion 
phase the westward tail current density gradually de- 
creased, whereas an eastward current associated with 
the substorm current wedge increased around 12 
For the intense substorm on January 12 the net tail 
current in the near-Earth region became eastward and 
was of a magnitude of 4.5 nA/m 2, which caused a neg- 
ative Bz between 13 and 20 RE. If the negative 
structure was due to the formation of plasmoids, mag- 
netic field reconnection should have occurred earthward 

of that region after the substorm onset. Unfortunately, 
there were no satellite observations available in the crit- 

ical region between 8 and 29 RE during that event. It is 
yet to be confirmed whether such a negative Bz struc- 
ture was caused by magnetic reconnection so close to 
the Earth. Previous observations, however, have shown 
that magnetic reconnection usually takes place in the 
midtail region of 20-30 RE [Baumjohann et al., 1989; 
Nagai et al., 1998; Nagai and Machida, 1998]. An alter- 
native explanation for the negative B• component is the 
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Figure 9. (top) The profiles of the GSM Bz component in the central current sheet at the 
beginning of the growth phase (solid lines), at the onset of the expansion phase (dotted lines), and 
at the peak of the expansion phase (dashed lines). (bottom) The distributions of the westward 
current density Jy in the central current sheet at the different substorm phases. 

current disruption in the near-Earth region [Lui, 1996]. 
As pointed out by Ohtani et al. [1992b], the decrease in 
the tail current intensity can produce an X-type neutral 
line at the same location where the tail current disrupts. 
It is also interesting to note that the profiles of Bz and 
Jy shown in Figure 9 bear a striking resemblance to 
those shown in Figure 2 of Birn and Hesse [1996] from 
the MHD simulation, except that the peak of the east- 
ward current in our model is located • 15 R• farther 
earthward than in their simulation. 

The maximum amplitude of the wedge current fscw, 
listed in Table 1, was 208 for January 9,379 for January 
12, and 145 for May 15. Therefore the corresponding 
total wedge currents (f$cw = 100 represents a total 
wedge current of 550 kA [Tsyganenko, 1997]) at the 
peak of the expansion phase were • 1.1, 2.1, and 0.8 MA 
for these three events. These magnitudes are compa- 
rable with the integrated ionospheric field-aligned cur- 
rents of region I sense in the midnight sector derived 
using the Assimilative Mapping of Ionospheric Electro- 
dynamics (AMIE) procedure (the detailed AMIE results 
for these three events will be the subject of a separate 
paper). 

5. Summary 

As demonstrated in this paper, the performance of 
our time-evolving magnetic field model is rather en- 
couraging. For the three substorms studied, the modi- 
fied model showed reasonably good agreement with the 
GOES magnetic field observations, especially in the Bz 
component. The modified model reproduced quite well 
the tail-like magnetic field stretching during the growth 
phase, the dipolarization during the expansion, and the 
relaxation during the late recovery phase. In contrast, 

the unmodified T96 model showed a nearly constant B z 
throughout the substorm intervals. However, a quanti- 
tative difference of 5-20 nT was found between the mod- 

eled and observed magnetic fields, particularly in the Bx 
component. The model is yet to be tested against ob- 
servations beyond 8 RE and should be refined in order 
to incorporate more complex configuration of the tail 
current sheet. 

Our modeling effort confirmed the generally accepted 
scenario of substorms, including the formation of a thin 
current sheet during the growth phase and the disrup- 
tion of the westward cross-tail current after the onset 

of the expansion phase associated with the develop- 
ment of the substorm current wedge. According to our 
model calculations, a thin current sheet of 190-1340 km 
in half thickness was formed in the near-tail region at 
X -•-7.5 RE, and the maximum westward current den- 
sity reached -• 9-23 nA/m 2. For the intense substorm 
event on January 12, 1997, a net eastward current flow 
was found between-11 and-13 RE during the expansion 
phase, with a peak current density of 4.5 nA/m 2. The 
region of southward Bz tailward of X = -13 RE was a 
result of a significant reduction of the dawn-to-dusk cur- 
rent in the near-tail model due to the formation of the 

substorm current wedge. Because of the lack of satellite 
observations in that region, it is not clear whether the 
formation of the X-type field geometry is a real feature 
or an artifact of the model. 
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