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[1] We suggest and test a simple procedure to adapt a magnetic field model by fitting it to
observations made simultaneously by several spacecraft. This is done by varying input
parameters of a standard model (T96) to find the best fit to the observed field at each time
step. As a result we obtain a time-dependent model which can be used for evaluating the
quality of the standard model and of the mapping at any particular time, to navigate in the
magnetosphere and reproduce its variable configuration during large-scale dynamical
events. This procedure was tested using observations made by five Time History of Events
and Macroscale Interactions during Substorms (THEMIS) and other complementary (e.g.,
GOES) spacecraft during the tail season of THEMIS mission (January–March 2008), for
which a simplest version of the adapted model was routinely calculated and has been made
publicly available. We also use the proton isotropic boundaries observed by low-altitude
NOAA spacecraft for independent evaluation of the obtained field models. We found that
in quiet conditions deviations of ionospheric footprints between standard and adapted
models are generally small (within 1� of latitude), whereas during substorms they may be
as large as several degrees, because of stretching and dipolarizations of magnetospheric
configuration. We found that the variable tilt of the tail current sheet, partly caused by
variations of nonradial component of the solar wind flow, is an additional important factor
influencing the modeling result and the mapping quality. By analyzing the adapted models
constructed at the time of auroral breakup onset, we conclude that this simple approach is
not yet sufficiently accurate to evaluate the source distance in the magnetotail.
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1. Introduction

[2] The geomagnetic field plays a key role and underlies
all events and processes in the solar wind-magnetosphere-
ionosphere system. It links the interplanetary medium with
the upper atmosphere, guides charged particles, channels
low-frequency electromagnetic waves, confines the radiation
belts, directs electric currents, controls the flow of plasma,
and stores huge amounts of energy, intermittently dissipated
in the course of magnetospheric disturbances. The geomag-
netic field determines the motion and key properties of the
space plasma making it possible to relate observations at
different locations by mapping them along the field lines. To

understand the behavior of the magnetosphere and its
response to the incoming solar wind, one needs a reliable
quantitative model of the geomagnetic field that could serve
as a road map to observed features.
[3] The Earth’s magnetosphere is an extremely dynamical

object, owing its exposure to a highly variable and spatially
structured solar wind, resulting in intermittent energy buildup
and violent dissipation that develop in the magnetotail during
substorms. The intrinsic variability of the magnetosphere
creates a number of difficulties and limitations in its data-
based modeling. Awidely used set of products in that area are
the empirical models T96, T01, TS04 [Tsyganenko, 1995,
2002a, 2002b; Tsyganenko and Sitnov, 2005]. In that
approach, the model field is constructed using hundreds of
thousands of average B vectors, measured in the magneto-
sphere over a wide range of locations and under different
external conditions. The models use different mathematical
forms to represent principal magnetospheric field sources,
treated as empirically defined functions of the solar wind and
IMF parameters. Three shortcomings of these models are
known.
[4] First, owing to their statistical nature, they represent

some average states, whereas instantaneous field configura-
tions may considerably deviate from the average ones, these
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deviations increase during active periods [Pulkkinen and
Tsyganenko, 1996] and are, typically, more interesting and
important than the average states (e.g., a stressed configu-
ration with embedded thin current sheet that develops prior to
the substorm onset). Second, parameterizing the models by
the solar wind state may be ambiguous in situations with a
variable and inhomogeneous solar wind, because the propa-
gated data from a remote solar wind monitor may be quite
inaccurate because of well-known difficulties in calculating
the time lags. Third, the accuracy of the model field cannot be
easily checked, just because of the lack of a reliable testing
method. In the present study we explore one way to avoid
these problems, by using an adaptive modeling technique,
whose essence is to fit a model to the instantaneous actual
magnetospheric field observed by a fleet of magnetospheric
spacecraft at some particular time. Our goal is to monitor the
magnetosphere continuously, and provide a more accurate
mapping along the magnetic field lines. A comparison to
predictions of standard models in terms of mapping will then
allow to evaluate the mapping quality of the standard models.
[5] The main difficulty to such an approach is the scarcity

of observation points (spacecraft) and, hence, incomplete
and/or uneven coverage of the modeling region. A few
attempts were made previously to realize this idea in rare
cases with all available spacecraft located in the near tail
region [e.g., Pulkkinen et al., 1991, 2006; Kubyshkina et al.,
1999, 2002]. Those studies used themathematical framework
of the above standard models and treated some of their many
parameters as variables, with values determined by minimiz-
ing the model’s standard deviation from the observed field. A
major difficulty of that approach was the small number (no
more than 4–5) and uneven distribution of spacecraft in the
nightside magnetosphere. Insufficient amount of magneto-
meter data can be partly offset by indirect data, such as the
location of the isotropic boundaries, plasma pressure, etc.
[e.g., Kubyshkina et al., 2002]. Because of scarcity of
favorable events, neither systematic usage nor investigation
of that approach was possible in the past studies.
[6] The launch of the Time History of Events and Macro-

scale Interactions during Substorms (THEMIS) project
[Angelopoulos, 2008; Auster et al., 2008] opened new
possibilities in this area. The mission included a fleet of
5 magnetospheric spacecraft, with the goal to identify the
substorm onset mechanism. Their apogees span a wide
region between the distances 10 and 30 RE. Complemented
by geosynchronous observations, the spacecraft regularly
provide a good coverage of most important tail current sys-
tems. This opens a unique possibility to further develop and
test our adaptive modeling technique, to explore its capabil-
ities to reveal dynamic changes of the magnetospheric con-
figuration during substorms and convection events. The
accuracy of magnetic mapping between the ionosphere and
distant magnetosphere is important for resolving the question
of where the substorm arc maps in space and for validating
the results of THEMIS related to substorm time and substorm
trigger location.
[7] In this first paper we describe a simple method to

construct a dynamical adaptive model (which has already
been routinely run during the entire tail season of THEMIS)
and explore its performance using a couple of events during
major conjunctions of THEMIS spacecraft. Statistical eval-
uation of the mapping quality and a more detailed study of

substorm onsets and dynamics will be discussed in separate
papers.

2. A Simple Approach to the Adaptive Modeling

[8] In this section we concentrate on a simplest possible
approach, which can be realized without much intervention
of the expert and, therefore, can be routinely applied in the
data analysis. The major goal of the next section will then be
to reveal the advantages, drawbacks and applicability domain
of this approach based on the analysis of a few THEMIS
events.
[9] The widely used standard empirical Tsyganenko mod-

els (T89, T96, T01, TS04) are flexible enough to represent a
wide variety of magnetic field configurations, give a good
average representation of observations, and can be com-
pletely defined by setting a few input parameters. They are
made of blocks describing different magnetospheric current
systems (tail, ring, partial ring, and field-aligned currents)
each of which is characterized by a relatively large number of
linear and nonlinear parameters. Treating all those internal
parameters as variables (as was done in some past adaptive
models [Kubyshkina et al., 1999, 2002, 2008]), is limited by a
few factors. First, in case of adaptive models we always have
only a small amount of data, and the number of unfixed
variables in any case must not exceed the number of the
spacecraft. Second, large number of variables is impractical,
as long as we find the solutions at many time steps. Third, the
internal parameters are not independent; for example, the tail
current systematically shifts earthward with an increase of its
intensity, etc. Finally, the main difficulty is that the model
field configurations may easily develop nonphysical artifacts
like big magnetic islands [Sergeev et al., 2007],which would
require a sophisticated case-by-case validation of the model-
ing results.

2.1. Model Version AM-01

[10] To automate the adaptive modeling, instead of varying
the internal parameters one may try to formally treat the
external input parameters of the model as ‘‘blind’’ variables,
whose values have no relation to the actual solar wind or
geomagnetic activity parameters (as it would be the case
when using the model in a standard way), but are determined
by fitting the model to the data at each time step.
[11] Here we want to underline, that a configuration

obtained as a result of this work by no means will be the
‘‘best’’ possible configuration and it does not as well corre-
spond to the ‘‘real’’ magnetic field configuration, which is
much more complicated than our representation. We speak
about the ‘‘best fit’’ only in the sense of solving a given
inverse problem and minimizing the given error function in
a given local time sector.
[12] As we believe, during a substorm (or any other

activation) there appear transient and spatially limited current
structures, which are not included into the basic T96 model.
The configuration and time evolution of these currents are not
well studied and thus the procedure of including them to the
basic model is unclear. Our purpose was to find a possible
fit to observations (from T96 class of the models with all
possible SW parameters), which is better than T96 with
prevailing SW conditions. The differences between the stan-
dard model (with observed SW parameters) and the one
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obtained here may be thus interpreted as temporal changes of
the current systems during an activation in a given (!) MLT
sector.
[13] The T89model has only one (Kp) parameter and is not

sufficiently flexible, while the T02 model is limited to only
the near tail region (X > �15 RE). In this study we chose the
T96 [Tsyganenko, 1995, 1996] as the baseline model. It has
four external parameters: the SW dynamic pressure (Pd),
hourly averagedDst index, IMF By, and Bz; in the following,
we rename these four parameters as PAR1, PAR2, PAR3 and
PAR4, respectively, to emphasize their lack of relation to the
actual interplanetary and ground-based parameters. At each
time step, we compared the magnetic field (Boi) observed at
ith-spacecraft, located at the position Ri (i = 1,..,N), with the
model prediction (Bmi) for the same location with a selected
set of input parameters. The fit quality was estimated as:

BErr ¼
1

WT
�
XN
i¼1

Wi

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
BOXi � BMXi
ð Þ2þ BOYi � BMYið Þ2þ BOZi � BMZið Þ2

� �r
;

ð1Þ

whereWi are the weight factors different for each spacecraft,
and the total weight WT =

P
iWi indicates the number of

spacecraft included in modeling. Usage of weighting factors
helps to control the spacecraft coverage. In the version
discussed below normally Wi = 1; otherwise Wi = 0 if the ith
spacecraft was earthward of 5 RE, or it was outside the mag-
netosphere. If the distance between two (or more) spacecraft
was less than 3 RE both of them were also assigned a smaller
(0.75) weight. The best fit values of the four model param-
eters were searched using a simple consecutive descent method
inside the predetermined limits: [0.1; 10] for PAR1, [�80.; 20]
for PAR2, and [�10.;10] for both PAR3 and PAR4. Thus
obtained adapted model is referred below as AM-01 model,
while the model field calculated by using the actually
observed interplanetary parameters and Dst is referred to
as T96sw. The computation results for both models, for the
whole THEMIS tail season (January–March 2008), are pub-
licly available at http://geo.phys.spbu.ru/themis/MODELS_
PUBLIC.

2.2. Model Version AM-02

[14] There are a few modifications of this adaptive model
algorithm, differing from each other by the inclusion of
additional free parameters as well as by inclusion of addi-
tional data. In this paper we also present the results of the
modification called AM-02, which includes as a new variable
the asymptotic tilt of the magnetotail current sheet in the XZ
plane of GSM coordinate system. Physically it can be caused
either by nonradial solar wind flow, or by some wavy (e.g.,
flapping) motion of the current sheet, which changes the
spacecraft distance from the neutral sheet (and hence the
magnetic field produced by the current sheet) and thus affects
themapping results. The variability of the solar wind direction,
even though a well-known phenomenon [e.g., Tsyganenko
and Fairfield, 2004], is rarely taken into account in practi-
cal computations, performed almost exclusively in the stan-

dard GSM coordinate system. As shown below, this effect is
among the principal factors that strongly affects the success
of the adaptive modeling. More specifically, irregular varia-
tions of the solar wind direction (in particular, Vz variations)
change the orientation of the solar-wind-aligned axis of the
coordinate system and, hence, change the effective dipole tilt
in that system, which results in additional deformation of the
neutral sheet surface, as demonstrated in a simulation study
by Sergeev et al. [2008], which revealed a complicated
dynamics and significant amplitude of these deformations.
These effects can be taken into account by replacing the
standard GSM coordinates by the SW-aligned GSW system
[see Hones et al., 1986] and using an appropriately modified
value of the dipole tilt angle in the model calculations. A
recently released new version of the FORTRAN modeling
package (Geopack-2008) includes subroutines for the corre-
sponding coordinate transformations, taking into account the
variable solar wind direction; the package is available from
http://geo.phys.spbu.ru/�tsyganenko/modeling.html.
[15] When testing the algorithm with this additional free

parameter we noticed that the error function (1) often becomes
more structured or obeys a less pronounced major minimum,
so that sometimes the very different parameter sets produce
very similar magnetic fields at the observation points. In the
case if all spacecraft were on the same side from the neu-
tral sheet (e.g., below the neutral sheet) in the outer plasma
sheet, as typically occurred during January–March 2008 in
THEMIS project, a similar increase of the field at a spacecraft
often result from physically different effects: either from a
growth of the tail current, or from its transverse shift, or from
its thinning. In such a case, additional measures are required
to stabilize the solution. First, we have limited the range
of possible tilt angles within 5� from the maximal observed
solar wind tilt (t0) at that time, obtained as: t0 = atan(Vzs

w/
Vxs

w), where Vxs
w and Vzs

w are solar wind velocity compo-
nents, averaged in 5 min time windows and time shifted to
subsolar point. Second, as detailed below, we included addi-
tional data, namely, the plasma pressure at two outermost
spacecraft, if they were located tailward of X = �12 RE.
[16] As previously described by Kubyshkina et al. [2002],

using one-dimensional vertical pressure balance equation in
the tail allows us to compute the equivalent lobe field (BL)
above the current sheet at the spacecraft location (x, y) as

BL(x, y) =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2m0P þ B2

x þ B2
y þ B2

z

� �h ir
, where P and Bx, y,

z are the plasma pressure and magnetic field components
measured by the spacecraft in the midtail plasma sheet or
lobe. The equivalent lobe field BLm

can also be computed in
the model at a point (x, y) located 5 RE northward (or
southward) from the neutral sheet. Correspondingly, their
difference (jBL � BLm

j) can be easily added to the error
function (1). Since the lobe field value is directly related to
integral current density in the neutral sheet at the given (x, y)
point, this helps to distinguish between the growth of integral
current density (total current) and the shift of the neutral
sheet or its thinning, as possible causes of the magnetic
field changes. In addition, the magnetic field measured by
additional spacecraft available at the time of interest in
the nearby local time sector (most often GOES spacecraft,
Geotail, etc) can be included at this stage. This version of the
adapted model is referred to below as AM-02 model.
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2.3. Model Version AM-03

[17] Besides intensifying and displacing the preexisting
current sheets, the substorm process may result in the
formation of a thin current sheet. Including that feature into
themodel and, moreover, resolving it with existing spacecraft
(which rarely bracket the neutral sheet from both sides) is
quite difficult. In any case, such a modification is hard to
make without analyzing the obtained configuration at every
step by an expert,so it can hardly be automated, and will not
be further discussed in this paper.
[18] There are two more additional data sources for the

modeling. The first source is the pressure measurements,
which can be checked against the pressure values computed
from the model under assumption of pressure equilibrium in
the plasma sheet as given by

rP ¼ 1

c
j
 B½ � ¼ 1

4p
r
 B½ � 
 B½ �; ð2Þ

(for details seeKubyshkina et al. [2002]). This option (AM-03,
see Table 1) requires large computational resources and will
be explored in subsequent papers.
[19] The second source of information is the location

of isotropic boundaries of proton and/or electron precipita-
tion measured by low-altitude spacecraft like polar NOAA,
DMSP, or FAST. Locations of the isotropic boundary accord-
ing to the model can be computed using the approximate
condition Rc/rL� 8 (minimal magnetic field curvature radius
divided by the maximal particle gyroradius in the neutral
sheet), corresponding to the breakdown of particle adiaba-
ticity (see Sergeev and Tsyganenko [1982] and Kubyshkina
et al. [1999] for more details). We will use that method in the

following section as an independent source of information, to
compare predictions of different models.
[20] Depending on observations used and input parameters

varied we may have several levels of adaptive models, see
Table 1.

3. Examples of Application of the Adaptive
Modeling

[21] To test the above described procedures we modeled
a number of active periods in February–March 2008 with
favorable radial large-scale coverage by the THEMIS space-
craft, the so-called major conjunctions. For this presenta-
tion we selected two events actively studied by the THEMIS
community, which illustrate two different types of dynamical
events, the substorms and continuous intense disturbances. In
this paper we use magnetic field measurements (from FGM
instrument) as well as the total plasma pressure computed by
combining the data from two instruments, the electrostatic
analyzer covering the plasma below 30 keV (ESA instrument)
and the solid state instrument (SST) covering the plasma of
higher energies. The instruments are described in detail in the
special issue ‘‘The THEMIS MISSION’’ in Space Science
Reviews, 141, 2008. The adapted models have been con-
structed with 5 min time step.

3.1. Two Small Substorms on 26 February 2008

[22] Two consecutive substorms developed on the quiet
background on 26 February 2008, when the probes were
aligned nearly radially along the tail (Figure 1). This events,
with substorms having AL amplitudes of �100 nT and
�200 nT and starting at �0400 UT and �0451 UT, respec-
tively, constitute one of most important THEMIS conjunction

Table 1. Different Levels of Adaptive Models

Version Input Data Parameters Varied Purposes

AM-01 magnetic field observations on THEMIS only PAR1-PAR4 routine calculations
AM-02 version 01 input data + magnetic field observations

from other spacecraft available in the nearby local
time sector + plasma pressure for distant THEMIS
(and Geotail if available)

PAR1,PAR2,PAR4,+ additional rotation of a neutral
sheet from Sun-Earth radial direction

major conjunction periods

AM-03 version 02 input data + plasma pressure + isotropic
boundaries

PAR1,PAR2,PAR3+ additional rotation + addition
of a thin current sheet + independent change
of the intensity of external current systems

only selected events

Figure 1. THEMIS probe locations with corresponding T96sw field lines.
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events, in which the location of the substorm onset in the
plasma sheet could be successfully determined.
[23] The corresponding solar wind and Dst data for this

event are shown in Figure 2. Besides a good spacecraft
coverage and good ground observations, this event is all the
more favorable because complementary NOAA spacecraft
observations of isotropic boundaries in the near-midnight
local time sector were also available at that time.
[24] The external part of the observed Bx and Bz magnetic

field components (hereafter with the IGRF contribution
subtracted) are given in Figure 3 together with the model
predictions of solar wind-based T96sw model (blue lines,
based on time-shifted solar wind data) and of two adapted
models. The lobe field (Figure 3, top) is shown only for the
outermost P1 and P2 spacecraft. It was used in the AM-02
model together with GOES 12 spacecraft data (magnetic
midnight at 0500 UT) to constrain the model with the current
sheet tilt as a free parameter.
[25] One can see that, unlike the standard T96sw model,

the AM-01 and AM-02 models reproduce better the observed
substorm-scale variations, which include the stretching of
the magnetic field lines (enhancement of Bx amplitude) and
dipolarization (Bz increase). The smaller amplitudes of the

dipolarizations compared to the observations at P3 and P4
spacecraft are not surprising since neither the standard nor the
adapted models include the substorm current wedge system,
associated with the dipolarizations. We also see that sub-
storm-time magnetic field variations are very different at
different meridians: the observed Bx variation looks quite
similar at P2 and P3, because of their proximity in local time,
though the variation amplitudes are different because of
different radial distances, and both are well reproduced by
the models AM-01 and AM-02. At the same time, the model
yields a similar Bx variation at P4 (located slightly duskward
from P3) and at GOES, while observations show a less
pronounced Bx variation at that probe. This result indicates
that the substorm-related changes of the magnetic field and
current are localized in longitude during the substorm
expansion phase.
[26] However, there exist important differences between

the results of two adapted models. Before the substorm onset
the observed lobe field is larger than its quiet level, predicted
by the standard model on both P1 and P2. After the substorm
onsets at both P1 and P2 probes, it displays small variations
associated with intense reconnection and complicated plasma
sheet dynamics in that region. By contrast, after 0410 UT the

Figure 2. Time-shifted to 10 RE Wind data (substorm onsets are shown by grey vertical lines).
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AM-01 model (with fixed neutral sheet location) interprets
the variations in terms of the enhanced tail current and
predicts large lobe field changes, which are not really
observed. These artifacts disappear in the AM-02 model
which includes the lobe field term in the error function (1).
Bx variations are well reproduced by that model in terms of
changing the current sheet location (tilt) and other factors.
The observed sharp variations of Bx include the change of its
sign, demonstrating that the current sheet experienced violent
vertical motions during that period, and indicating that at
times it also might become rather thin.
[27] Compared to the standard T96 model, the adapted

models have much more variable current systems and pro-
duce strong variations of magnetosphere-ionosphere map-
ping. Analyzing Figure 4 we may emphasize the following
points:
[28] 1. The spacecraft foot points according to the T96

model shift to highest poleward latitudes, with exception of
short periods following the substorm dipolarization after
0400 UT and 0455 UT when the AM-02 model indicated
the poleward expansion.
[29] 2. The adapted models indicate the equatorward

motion of the foot points before the substorm onset and

poleward motion after the onset, which is best seen on distant
probes P1 and P2. Amplitude of variations is, however,
notably larger in AM-01 version.
[30] 3. Large equatorward shift in ionospheric THEMIS

projections before 0500 UT in the AM-01 model is partly
nonrealistic, it is probably explained by the overestimated tail
current as discussed above.
[31] 4. The behavior of input parameters for the models

AM-01 and AM-02 in Figures 4a–4e shows that the intensi-
fication of tail current is mostly due to the increase of PAR1
(equivalent to the solar wind dynamic pressure), which is in
agreement with previous observational studies by Wing and
Sibeck [1997] and Rufenach et al. [1992]. We note that in our
case the IMF By for AM-02 was removed from the set of free
parameters and, instead, was taken from observations, on the
basis of the fact that it did not significantly affect the results
for AM-01. Several previous works [Cowley, 1981; Wing
et al., 1995] have found notable effects of IMF By in the field
line configuration due to magnetospheric tail twist, but the
present study cannot consider these effects because we base
our modeling on the error function, which is determined
by magnetic field components in a given points (spacecraft
locations), in which possible tail twisting is less pronounced.

Figure 4. (a–e) Model input parameters together with time-shifted solar wind parameters, Dst, and
additional tilt of the tail (determined from solar wind velocity as atan(Vz/Vx) in case of observations).
Blue lines show the observed solar wind parameters andDst (used for T96), and the parameters of adaptive
models are shown by the green lines (AM-01) and by the red lines (AM-02). Observed SW flow tilt in the xz
plane is given by the black line. (f–j) Corrected geomagnetic latitudes of the ionospheric foot points of
THEMIS spacecraft.
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Thus, for AM-02 model we use the same IMF By as for the
basic T96 model, and the differences in mapping due to
additional tail twist may be found only in AM-01 version, for
which we may have different input parameter (PAR3) instead
of observed IMF By.
[32] 5. The variable tilt of the current sheet in Figure 4e

seems to be in accordance with the real solar wind flow
direction (dtilt = atan(Vz/Vx)) except for sharp upward shift
of the neutral sheet between 0400 and 0500 UT.
[33] The spacecraft footprints obtained from different

models may differ up to 3–4� of latitude from each other.
Which positions are closer to the reality? To find some
answer to this question we analyzed the observations of
Isotropic boundaries (IB) made by polar NOAA 15, 16 and
17 spacecraft which passed over the nightside auroral zone in
the Southern Hemisphere. By identifying the isotropic boun-
daries in the usual way, as the equatorwardmost location
where precipitated and trapped particle flux become nearly
equal, we also identified the location of theoretical isotropic
boundary in the neutral sheet, conjugate to the NOAA
spacecraft trajectory. Fortunately, there were five suitable
crossings of NOAA spacecraft near the midnight with well-
defined isotropic boundaries of 30 keV protons, presented in
Figure 5.
[34] During the time around the first substorm the observed

isotropic boundaries (IBs) demonstrate the expected behavior
[Sergeev et al., 1993], they are shifted equatorward before the
expansion onset and return back after the substorm onset, the
same behavior is replicated by the IBs obtained from adapted
models. For the second substorm we see no notable addi-
tional equatorial motion of the observed IB, which may be
explained by either of two factors: (1) the position of the
boundary was already shifted from the quiet level (the second

activation was initiated more likely by the thin current sheet
growth than by the overall enhancement of the tail current)
and (2) the boundary observation was made long (20 min)
before the second breakup.
[35] The modeled IBs are generally consistent with

observed IBs, but they do not coincide and the differences
remind us of the lobe field differences found previously in
Figure 3. The IB according to the standard T96 model lies
poleward of the observed IBs, they nearly agree at the starting
and ending points, that is for quiet time periods. The AM-01
model is closer to observations for the first activation and
recovery, but it overestimates the stretching for the second
activation. The AM-02 model underestimates the first sub-
storm, but gives a correct answer for the second substorm. In
this case the models AM-01 and AM-02 give us a corridor
where the observations are embedded.
[36] For the second substorm we know the auroral breakup

location from the ground optical observations in the Northern
Hemisphere [Angelopoulos et al., 2008], which is at (59.3,
263.6) in geographic coordinates, or 68.35� of corrected
geomagnetic latitude and 21.55 h of the local time (for cor-
rected geomagnetic coordinates see Hakura [1965]). Com-
paring the mapping curves on Figure 6 (showing the
correspondence between the distances in the neutral sheet
in the magnetosphere with the CGM latitudes of their iono-
spheric foot points) we see a large difference in the predic-
tions of the source distance. The T96 and AM-02 models
suggest that the breakup latitude is mapped into the dipole-
like region well within 10 RE. All THEMIS spacecraft in
these models (T96, AM-01) map to higher latitudes than the
auroral breakup location (see blue and red crosses, marking
probes projections). This disagrees with determination of the
activation region in the magnetosphere [Angelopoulos et al.,

Figure 5. (top left) Corrected geomagnetic latitudes and (bottom left) magnetic local times of proton
(>30 keV) isotropic boundaries observed by NOAA in the Southern Hemisphere on 26 February 2008. The
observed boundaries are given by black triangles. Themodel positions of isotropic boundaries are shown by
blue squares for T96, by green crosses for AM-01, and by red crosses for AM-02. (top right) Corrected
geomagnetic latitudes of the same boundaries mapped along the model field lines into the Northern
Hemisphere and (bottom right) magnetic local times of the ionospheric projections of THEMIS probes
(from top (green) to bottom (red): P1, P2, P3, P4, and P5).
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2008] according to which the most probable activation
distance was at around 20 RE. On the contrary, the AM-01
model gives the auroral breakup distance of�13 RE with P1,
P2 probes located at higher latitude, and P3, P4 probes at
lower latitude as compared to that of the auroral breakup.
This is more consistent with magnetospheric source deter-
mination results but, as we already know, this model gives too

large lobe field and hence cannot be trusted. This conflict
shows that the models T96sw, AM-01 and AM-02 probably
do not represent realistic magnetospheric-ionospheric map-
ping because the current sheet thickness variation is not yet
included into the model.

3.2. Substorm and Enhanced Convection During
the Major Conjunction on 5 March 2008

[37] Another period of major conjunction of THEMIS
spacecraft is 5 March 2008, which includes an isolated sub-
storm onset that commenced at �0604 UT, then was fol-
lowed by �10-h-long active period (AL up to 500 nT), and
was concluded by a strong�1000 nTsubstorm after 1400 UT.
For our purposes, it is also an interesting event, demonstrating
the important role of nonradial solar wind flows in the adaptive
modeling. Also, many isotropic boundary observations are
available on the nightside during this event. THEMIS con-
figuration for this period is given in Figure 7, and Dst and
solar wind parameters are shown in Figure 8.
[38] The 5 March 2008 event was very favorable for the

analyses from the solar wind viewpoint, because the phase
front normals available from OMNI Web site did not deviate
much from the Sun-Earth line, also the solar wind velocity
was rather stable (405 ± 5 km/s) which facilitates the time-
shifting procedure. Moreover, by shifting Wind data by
49 min to the bow shock nose position, we got an excellent
agreement of this time shifted IMF variations with those
observed by the Geotail, which was located closely to the
bow shock nose at that time (not shown here). Figure 8b
shows a large positive Vz component of the solar wind above
20 km/s during a long period between 0400 and 1400 UT,
which may cause a northward shift of the magnetotail current

Figure 6. Mapping curves for Gillam meridian (263.6�
of geographical latitude) for different models: T96 (blue),
AM-01 (green), and AM-02 (red). The estimated corrected
geomagnetic latitude of the auroral breakup is shown by the
dashed black line. Colored crosses mark the projections of
THEMIS probes, obtained with corresponding models.

Figure 7. THEMIS configuration for the period 0600–1400 UT, 5 March 2008, and magnetic field lines
for the beginning of the interval, i.e., for 0600 UT.
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sheet (Vz� 20 km/s corresponds to 3� tilt for Vx = 400 km/s).
In the other solar wind parameters we do not see anything
unusual: the values of Vx and Pd are stable and close to the
norm, a comparably large By, and negative fluctuating Bz are
observed during almost the entire period of ground activity
between 0500 and 1500 UT.
[39] The observed and modeled magnetic field compo-

nents (presented in the same way as in Figure 3) are given in
Figure 9.
[40] Comparing observations with the predictions of stand-

ard T96sw, we see a large (more than 10 nT) depression in the
Bx component, it is observed at all spacecraft including
GOES. The substorm-like dipolarization in Bz component
is seen at all spacecraft after 0615 UT. The standard model
gives a good representation for Bz component on P3 and P4
probes (at�11 RE equatorial distance), while it overestimates
negative perturbation in Bz at the distant probes P1 and P2
(15 and 20 RE) and underestimates it at the near-Earth P5 and
GOES 11 spacecraft. The Blobe value is also underestimated
by T96, but the difference in Bx component between obser-
vations and standard model is less than 5 nT(10 nT) for the P1
(P2) probe. Unfortunately we had plasma data from P2 probe
only at the beginning of the interval, so that only data from

the P1 probe were used to construct the AM-02 model after
0730 UT.
[41] A large systematic discrepancy in the Bx component

between T96 and observations seen at all spacecraft may
be related to either (1) global increase of the tail current or
(2) northward shift of the neutral sheet. The difference
between the current density profiles along the neutral sheet
and the neutral sheet locations in different models is illus-
trated in Figure 10 for 0605 UT epoch, at the end of the
substorm growth phase. The AM-01 model is designed to use
only the first option, and its results demonstrate the greatly
increased peak current strength, which causes a large dis-
crepancy in the lobe field. In the AM-02 model, which may
use either option, the total current remains enhanced, but to
a smaller degree, and the matching of Bx component is
basically produced by the northward shift of the neutral sheet
from its standard position. This shift can be as large as 0.5 RE

at r = 10 RE and exceeds 1.5 RE at r = 18 RE in Figure 10,
which are very large values, comparable to the characteristic
thickness of the current sheet.
[42] In spite of the good overall agreement of AM-02

predictions to observations, from Figure 9 one may see that
Bz component of the magnetic field is better reproduced by

Figure 8. Dst and solar wind parameters for 5 March 2008. (a) Equatorial Dst values from WDC for
Geomagnetism, Kyoto; (b and c) z and x components of solar wind velocity in GSM coordinates; (d and e) y
and z components of interplanetary magnetic field; and (f) solar wind dynamic pressure.
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the AM-01 model compared to AM-02. This means that the
configuration provided by the AM-02 model, is still signifi-
cantly different from the actual one.
[43] By inspecting the ionospheric mapping results and

model parameters presented in Figure 11, we verify the con-
clusions made by studying the 26 February event. T96sw
model again limits the polewardmost locations of the foot
points, whereas AM-01 provides their equatorward limit
(which can be as different as 5–6� below the T96sw pre-
dictions). One can also notice that AM-02 model sometimes
gives spacecraft projections about 0.5� poleward from T96
value in the period between 0900 and 1200 UT. An interest-
ing fact is that, though the field lines in the AM-02 model are
more stretched than in T96 so that the models are very dif-
ferent (see Figure 10), the spacecraft projections appear to
be quite close to T96 values in the northern auroral zone
(with reasonable deviations during activations up to ±1.0�
in geomagnetic latitude), being offset by the neutral sheet
displacement.
[44] From the behavior of the model parameters

(Figures 11a–11e) we again see that the increase of currents
in both models AM-01 and AM-02 is due to the increased
value of PAR1 (Pdyn), while the other parameters are closer
to the observed ones. We again see that the additional current
sheet tilt in the AM-02 model generally follows the behavior
of the solar wind flow direction, though it includes some
more variations. We suppose that these variations are partly
unreal and appear because of the similar effects of the current
increase and of the neutral sheet transverse motion with

Figure 10. (top) Profiles of current density in the neutral
sheet along the magnetospheric tail at 0605 UT 5March 2008
and (bottom) the position of neutral sheet center calculated
from different models: T96sw (blue), AM-01 (green), and
AM-02 (red).

Figure 11. The same as in Figure 4 but for 5 March 2008 event.
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respect to the spacecraft. Indeed, by comparing the variations
of the additional tilt (Figure 11e) with variations of pdyn and
IMF Bz between 1200 and 1300 UT, one may see that the
increase in the negative angle value corresponds to a decrease
in Pdyn and IMF Bz (which results in a decrease of the tail
current).
[45] To check the mapping quality for this event we again

compare the model predictions of the IB position with those
observed by the NOAA spacecraft. Unfortunately, the bulk of
observations during that period was made at a different local
time, shifted by more than 2.5 h to the dawn side from the
local time sector probed by the THEMIS spacecraft, so the
quality of the adaptedmodel can degrade toward themeridian
of NOAA observations. That is why we present here (see
Figure 12) only one set of IB observations made just prior
to the substorm onset at�0603 UT by NOAA 17 spacecraft.
We use here the isotropic boundaries of both the protons of
>30 keV energy and the electrons of >100 keV energy.

[46] Here we compare not just observed and modeled IB
for two species, we compare observed IBs mapped to the
Northern Hemisphere with northern IB foot points computed
from the model. In fact it has to be a comparison of two pairs
of circles: for example of two filled red and two empty red.
Figure 12 shows that the best correspondence between the
positions of the observed and modeled IBs at �1.5 h MLT
meridian, as well as in the latitudinal difference between
electron and proton boundaries, is obtained when using the
AM-02 adapted model.
[47] We also plotted on Figure 12 the positions of model

IBs, calculated near the meridian of substorm breakup
location (opened circles around MLT = 23.2). According to
ground optical observations,the 0614 UT substorm breakup
was located above Gillam, thus it may be roughly placed at
CGMLat = 66.3, MLT = 23.25 h. which is well above the IB
position calculated from AM-02 and too close to the IB,
calculated from T96sw model.

Figure 12. Isotropic boundaries and spacecraft foot points at 0605 UT, 5 March 2008. The solid circles
show the positions of the observed boundaries mapped to the Northern Hemisphere using a corresponding
model: T96 (blue), AM-01 (green), and AM-02 (red). Open circles in the 0100–0200 MLT sector with
corresponding color give the model predictions for the corresponding (proton and electron) boundaries.
Open circles near 2300 MLT show the model prediction for the proton (>30 keV) IB position at the onset
meridian, and the colored stars mark the ionospheric foot points of THEMIS probes.
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[48] From Figure 11 one may see that the difference in
latitudes between the T96 and AM-02 models, which we
consider as the best approximation available, is within 1�,
which is not too much. Still the mapping curves and the near-
equatorial magnetic configuration are significantly different.
Figure 13 shows the mapping curves for the Gillammeridian.
One can see that the breakup position at 66.3 CGMLat is
mapped to closer than 10 RE with T96 and to �15 RE with
AM-02. Moreover, the mapping curve for the best (AM-02)
model is very steep, so that a small change in the breakup
latitude results in a large jump of the equatorial distance.
Therefore, as in the previous section, we rather conclude that
in the current spacecraft configuration and with the simplest
adaptive algorithms discussed, the adaptive models alone
cannot provide the required accuracy/reliability to identify
the position of the breakup source region.

4. Concluding Remarks

[49] We have shown that, even using a very simple algo-
rithm, varying the input parameters of standard magneto-
spheric models, the tested adaptive methods proved as useful
tools for a quick evaluation of the quality of magnetospheric
models and their mapping properties. They may be success-
fully used for large-scale systems of multiple magnetospheric
spacecraft, like THEMIS. Here we introduced two first ver-
sions of the adaptive models, which are suitable for routine
data processing and do not require much computational
resources and supervising efforts.
[50] 1. The simplest version of the adaptivemodels (AM-01)

is fast and easy to use for long observation periods; it is
recommended to be run in conjunction with the T96 (or other
standard) model. The good agreement between the standard
and AM-01 model during magnetically quiet times indicates
a good mapping quality for such periods. A larger discrep-

ancy for disturbed periods indicates potential problems,
yields margins for possible foot point locations, and points
out a need to pay more attention to improving the model.
Variations of magnetic field components in that version are
obtained mostly by overall scaling of the currents intensities,
which often leads to the overestimation of total tail current,
larger current densities and, hence, excessive equatorial shift
of the ionospheric projections of mapped foot points. Thus
we conclude that during disturbed periods the AM-01 model
rather indicates an equatorial limit for possible spacecraft
projection in a given local time sector.
[51] 2. The next version of the adaptive model (AM-02), is

also easy to use but that version requires additional data (e.g.,
the plasma pressure) to control the total tail current. AM-02
version was shown to provide a better approximation to real
configurations than the AM-01 and the standard model. Still
during periods when a thin current sheet may form in the
spacecraft vicinity (increasing the current density, but not the
total current and lobe field) the requirement of the pressure
balance may result in an underestimate of the field lines
stretch near the neutral sheet. Thus the AM-02 version, being
the most accurate among three above-discussed models,
probably yields a poleward limit for the spacecraft projection
in a given local time sector.
[52] AM-02 in most aspects is closer to T96 than to AM-

01, though B values on the spacecraft are more similar in
AM-01 and AM-02. This may be explained by a very large
deviation of Blobe, modeled with AM-01, from observations
and other models, which means overestimated current den-
sities, hence overestimated stretching, which may be seen
clearly in Figure 10 on the profiles of current density and
integral current density shown for all 3 models.
[53] 3. Both THEMIS major conjunction events presented

in this work illustrate how important is the variable tilt of the
tail current sheet, partly caused by the nonradial component
of the solar wind flow. The importance of taking into account
the variable tilt was demonstrated in all recent adaptive
modeling efforts [e.g., Sergeev et al., 2005, 2007; Cao
et al., 2008], in which the modeling was done in a different
way: by changing the parameters of the currents inside the
model, but also including the variable tilt. Thus the variable
tilt is a critical factor, which may significantly change the
mapping results: a small tilt can result in a notable change
in the ionospheric projections and considerably change the
asymmetry between the foot points in the Northern and
Southern hemispheres.
[54] 4. The peculiarity of THEMIS configuration during

the tail season of 2008was that during the major conjunctions
the spacecraft were southward from the neutral sheet, which
makes it difficult to separate the effects of the current sheet tilt
and its thinning. Partly because of that difficulty, the con-
structed models were unable to provide a sufficient accuracy
to determine the source location by a simple mapping of the
breakup location into the ionosphere along the magnetic field
lines of the adapted model. The mapping curves are usually
very steep (see, e.g., red curve in Figure 13), and the differ-
ence between two extreme types of the models AM-01 and
AM-02 is still large. A proper inclusion of the current sheet
thinning as well as the inclusion of all available pressure
measurements are currently among our top priorities in
improving the technique of the adaptive modeling. On the

Figure 13. The same as Figure 6 but for 5 March 2008.
Mapping curves for Gillam meridian (263.6� of geographical
latitude) for different models: T96 (blue), AM-01 (green),
and AM-02 (red). The estimated corrected geomagnetic lati-
tude of the auroral breakup is shown by the dashed black line.
Colored crosses mark the projections of THEMIS probes,
obtained with corresponding models.
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other hand, the orbits planned for the year 2009 are expected
to be closer to the neutral sheet during major conjunctions,
which will help us to come up with more accurate modeling
results.
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