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[1] A new approach, based on an extensible model for the field of equatorial currents and
the use of large sets of spacecraft data that became available in recent years, has been
shown to dramatically improve the resolution of the empirical picture of the
magnetospheric magnetic field. However, accumulation of data, necessary for high
resolution in space, may be too long and smear out important dynamical effects. We show
that the problem can be resolved using the nearest-neighbor approach, in which the spatial
structure of each state of the magnetosphere is described by fitting the empirical model to
a local subset of data. It includes both the actual data obtained for the given state and
data from other time intervals (e.g., similar phases of other storms), neighboring the
present state in the space of global parameters, solar wind electric field, Sym-H index, and
its time derivative. New findings in the picture of magnetic storms emerging from the
new model include a consistent description of the ring current density peak in the
postmidnight sector during the main phase and the premidnight depression of the
equatorial magnetic field. The model also shows a strong erosion of the ring current on the
dayside during the early main phase and its enhancement in a broad area in the evening
sector extending from the geosynchronous orbit to the magnetopause near the Sym-H
minimum. Another interesting effect is a double partial ring current during the main phase,
consistent with the energy density profiles derived from energetic neutral atom images.
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1. Introduction

[2] The main route toward comprehensive modeling and
understanding of Sun-Earth connections lies through first-
principle simulations, including global MHD and self-
consistent kinetic models. However, the use of these models
is restricted by available computer resources and simplifi-
cations that need to be done in order to make them feasible.
Moreover, even a perfect simulation code may have inherent
uncertainties arising from multiple plasma instabilities and
turbulence as well as from dynamical chaos effects. In this
situation the role of empirical models, which may serve for
data ingestion and benchmarking of the first-principle
simulations [e.g., Huang et al., 2006] as well as for direct
comparison with observations and space weather forecasting,
increases significantly. The data-based approach is especially
important for modeling of the inner magnetosphere, where
magnetic storms and radiation belt disturbances occur and
jeopardize astronauts and spacecraft operation. Because of
important non-MHD effects, such as curvature and gradient
drifts as well as wave-particle interactions, the first-principle

modeling of the inner magnetosphere often requires special
kinetic treatment [e.g., Wolf, 1983], which still remains not
fully self-consistent, limited to slow variations and by an
incomplete information on the boundary conditions. At the
same time, the inner magnetosphere is one of the best
experimentally investigated regions in space, which makes
it particularly attractive for empirical modeling.
[3] In this work we report results of the empirical

modeling of the storm-time geomagnetic field, focused on
the inner magnetosphere and the evolution of the ring
current. Until recently, the empirical geomagnetic field
models were constructed from a limited number of cus-
tom-made modules, representing major magnetospheric
current systems [see Tsyganenko [2002a], and references
therein], and as a result, they were inherently limited in their
spatial resolution. That approach was motivated by the
sparseness of in situ data in the magnetosphere and in the
solar wind. In the last decade however the amount of in situ
data has dramatically increased. To utilize the growing
volume of data to the maximum extent possible, Tsyganenko
and Sitnov [2007] (hereafter TS07) proposed a qualitatively
new approach. It improved the spatial resolution of empir-
ical models and also made them extensible, that is, allowing
one to further increase the resolution, once a new set of data
becomes available. In this approach the magnetic field of
magnetospheric equatorial currents is expanded into a sum
of orthogonal basis functions with different scales, capable
of reproducing various radial and azimuthal distributions of
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the field, including its noon-midnight and dawn-dusk asym-
metries. All the terms are separately shielded inside the
model magnetopause and combined with the modules
corresponding to Birkeland currents [Tsyganenko, 2002a].
TS07 has been shown to reproduce many important features
of magnetospheric structure and its changes during storms
[Tsyganenko and Sitnov, 2007].
[4] However, conventional procedures of data fitting may

strongly limit the temporal resolution of TS07-type models.
A global approach, when a model is fitted to the whole
available database [Tsyganenko et al., 2003; Tsyganenko
and Sitnov, 2005], cannot be directly applied to the new
magnetic field expansions used in TS07, because their terms
cannot be associated with any separate physically sensible
current system, such as the ring and tail currents, each with
its individual timescale. On the other hand, conventional
local fitting techniques that use binning of data by a single
parameter, for instance, Kp or Dst index [Lui, 2003;
Jorgensen et al., 2004; Le et al., 2004; Tsyganenko and
Sitnov, 2007], may be misleading, as they mix together
qualitatively different states of the magnetosphere, for
instance, main and recovery phases of storms. A more
fundamental problem underlying these difficulties can be
formulated in terms of photography: to obtain a sufficiently
detailed image of the magnetosphere, we need a sufficiently
dense coverage of its volume by the data points, which
requires a long enough period of observations or long
‘‘exposure’’; however, too long exposure may result in a
loss of important details or ‘‘image smearing’’ because of
the finite rate of the magnetospheric evolution. A cardinal
solution to this problem in the future could be using
‘‘snapshot’’ data taken simultaneously by many spacecraft
of a Constellation-class mission [Angelopoulos et al., 1998].
Until then, however, any particular magnetospheric event
can be monitored by no more than a few spacecraft.
[5] In the present paper, we propose a new approach to

circumvent that difficulty, using methods of the dynamical
system theory and nonlinear time series analysis (see
Vassiliadis [2006] for a review). The approach is based on
an assumption that different degrees of freedom of a
complex system may be dynamically coupled to each other.
As a result, the collective behavior of such a system not
only can depend on a few global state and control param-
eters, but some of those parameters can be replaced by the
time derivatives of others in the reconstruction of the system
state. This has been explicitly demonstrated for substorm
behavior of the magnetosphere by Sitnov et al. [2000],
Ukhorskiy et al. [2004], and by Freeman and Morley
[2004]. For storm dynamics this is suggested by the well-
known empirical equation [Burton et al., 1975], which
connects the Dst index, its time derivative and the solar
wind electric field near the magnetopause. Knowing the
state of the system allows one to predict its evolution in time
by tracing the time history of its nearest neighbors in the
state-space, the approach which is the core part of a
nonlinear forecasting method known as ‘‘local linear filters’’
[Vassiliadis et al., 1995]. Similarly, one can use a subset of
the magnetic field database, selecting only the nearest
neighbors of the considered state of the magnetosphere in
the space formed by the averaged index Sym-H, its time
derivative, and the solar wind electric field parameter vBz,

where v is the solar wind velocity and Bz is the z-component
of the magnetic field in the GSM coordinate system, to train
the magnetic field model and reconstruct the spatial struc-
ture of the magnetosphere locally in time using only that
subset of data. This is the basic idea of the approach adopted
in the present study. Note, that a similar approach was
successfully applied by Roelof and Sibeck [1993] to the
reconstruction of the shape of the magnetopause as a
function of the dynamical pressure and the Bz component
of the interplanetary magnetic field.
[6] In this work we show that the above approach indeed

allows one to distinguish between different phases of
magnetic storms and resolves even finer details of the
magnetospheric evolution. The resulting dynamical empir-
ical model of the geomagnetic field provides a coherent
picture of the storm-time geomagnetic field and ring current
evolution, which is consistent with earlier results obtained
using AMPTE/CCE, GOES, IMAGE, and Iridium missions.
It also helps find interesting new effects with important
implications for the first-principle modeling.
[7] The structure of the paper is as follows. In section 2

we overview the high-resolution geomagnetic field model
TS07 and the database introduced there, which will be
extensively utilized in this study. In section 3 the details
of the advanced data-binning technique based on the con-
cept of the nearest neighbors are provided. In sections 4 and
5 we show the spatiotemporal structure of magnetic storms
obtained from the present model on the example of 21–
23 April 2001 ‘‘GEM Storm Challenge’’ event [Jordanova
et al., 2006]. In section 6 we discuss some aspects of the
model validation and performance. The main results of our
work are summarized and discussed in section 7.

2. Basic Structure of TS07 Model and Database

[8] In contrast to earlier empirical models [Tsyganenko
[2002a], and references therein], where the magnetic field of
equatorial currents was a combination of up to four special
modules describing ring and tail currents, in TS07 model
this field is presented in the form of the expansion

B r;f; zð Þ ¼
XN
n¼1

a
sð Þ
0n B

sð Þ
0n þ

XM
m¼1

XN
n¼1

a oð Þ
mn B

oð Þ
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a eð Þ
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where {r, f, z} is a cylindrical coordinate system with the Z
axis normal to the equatorial plane, Bab

(g) are the basis
functions and aab

(g) are their weights in the expansion. N and
M are integer parameters, which determine the number of
expansion terms in radius r and azimuthal angle f,
respectively. The set of functions Bab

(g) is built on the basis
of the general solution of Ampere’s equation for infinitely
thin equatorial current layer

r� B ¼ 4p=cð Þ jr r;fð Þer þ jf r;fð Þef
� �

d zð Þ ð2Þ

outside the plane z = 0, obtained by the separation of
variables method. These solutions are naturally split into
azimuthally symmetric modes denoted by the index (s) and
two families of asymmetric solutions, (o) and (e), having
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factors sin(mf) and cos(mf) with m � 1 in their vector-
potential representation and corresponding to its odd and
even parity components with respect to the plane y = 0. The
original solutions of (2) are then generalized to assume the
finite halfthickness D of the equatorial current sheet.
Although the model has an option of varying the parameter
D in the plane (x, y), in the present study we use a simpler
approximation of the constant thickness, which may vary
however as function of time and activity level.
[9] Detailed equations for the basis functions of the

expansion (1) can be found in TS07. Here, to show the
spatial scale of the adopted expansions, we provide only an
example for the azimuthal component of the vector potential
for symmetric modes (see the corresponding equation (10)
in TS07)

Af
� � sð Þ

0n
k; r; zð Þ ¼ J1 knrð Þ exp �kn

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
z2 þ D2

p� 	
ð3Þ

where J1 is the Bessel function of the 1st order, kn = n/r0,
and r0 is the radial scale, corresponding to the largest
wavelength in the radial expansion. Note that, in contrast to
many other free parameters of the model, such as weights
aab
(g) and thickness D, the parameters r0, N, and M are fixed
as they determine the adopted resolution of the model.
Specific parameter values to be used in the following
analysis are r0 = 20 RE, N = 5, and M = 4. Note that every
magnetic field basis function in (1) is shielded using a
similar expansion for the magnetic field of the magneto-
pause currents as described in more detail in TS07.
[10] The field-aligned current (FAC) module used in this

study is adopted from Tsyganenko [2002a]; although it is
more rigid in comparison with the model field of equatorial
currents (1), it is basically similar in its structure to that
source. It describes the magnetic field of currents flowing
into and out of the ionosphere along two deformed conical
layers corresponding to Region 1 and Region 2 current
systems. The size of each system is an adjustable parameter,
while the azimuthal distribution of inflowing and outflow-
ing currents is controlled by the relative contributions of
two groups of basis functions with odd and even symmetry
due to factors sin(mf) and cos(mf), respectively. The first
group represents the main (‘‘antisymmetric’’) part of the
FAC system, in which the duskside currents have the same
magnitude but opposite direction to those at dawn, while the
second group has an even (or ‘‘symmetric’’) distribution of
currents with respect to the noon-midnight meridian plane,
which allows one to model the azimuthal rotation of the

original ‘‘antisymmetric’’ distribution of FACs. The main
distinction of the model FACs from the equatorial current
system is that they are a priori assumed to have no
azimuthal component at low and middle altitudes, where
they flow within a layer with a prescribed quasi-dipolar
geometry. At larger distances and lower latitudes the FAC
system is naturally complemented and extended by the
flexible equatorial current that blends in the missing azi-
muthal component needed for the FAC closure. Also, by
contrast with the equatorial currents, we use in the FAC
model only two first modes with respect to the azimuthal
angle, different for the Region 1 and 2: antisymmetric
modes with m = 1 and 2 for the Region 1 and the first
harmonics (m = 1) of either type of symmetry for the Region
2 currents.
[11] The effects of the Earth’s dipole tilt angle were

treated in TS07 using the same method as in earlier empirical
models [Tsyganenko [2002a], and references therein], based
on a combination of simple deformations of originally
untilted configurations. Also, following the earlier models,
the TS07 magnetopause was described as a simplified
version of the model by Shue et al. [1998], in which the
size of the magnetopause surface was self-similarly scaled
as a function of the dynamical pressure Pdyn, while its shape
remained fixed, corresponding to the specific values of Pdyn =
2 nPa and IMF Bz = 0. In addition, each coefficient in the
expansion (1) for the magnetic field of equatorial currents
was represented as a binomial (aab

(g))0 + (aab
(g))1

ffiffiffiffiffiffiffiffiffi
Pdyn

p
. That

nearly doubled the number of unknown coefficients to be
derived from the least squares fitting, but made it possible to
exclude Pdyn from the data-binning procedure and to reduce
the dimensionality of the parameter space in the nearest-
neighbor selection procedure described below.
[12] TS07 also used the largest pool of the magneto-

spheric B-field data and concurrent interplanetary medium
data ever compiled for the empirical modeling studies.
Some details of the magnetospheric part of the database
are provided in Table 1. With one exception (low-altitude
subset of Polar data) all spacecraft data were averaged
over 15 min intervals with the total number of records
1,145,754 or, on average, 	3 records per sampling interval
for the 11-year period. The concurrent solar wind and IMF
data [King and Papitashvili, 2005] were sampled with 5-min
resolution, in contrast to TS07 where hourly averages were
used, but following earlier works [e.g., Tsyganenko, 2002b;
Tsyganenko et al., 2003; Tsyganenko and Sitnov, 2005].
Restoring the 5-min sampling was found to improve the
binning procedure described below. It is also more practical
for the model validation and the analysis of the results.
[13] One more feature of TS07, which is important for the

following analysis, is data weighting. The matter is that the
available spacecraft data are distributed very unevenly with a
sharp peak of the distribution at the geosynchronous orbit.
Were a flexible model fitted with these data directly, it would
faithfully reproduce only the geosynchronous orbit area, at
the expense of poor reconstruction of the rest of the magne-
tosphere. To avoid that, the range of the radial distance
containing data was binned into 0.5 RE intervals, and data
used in the merit function of the fitting procedure were
normalized by the total number of data points in each bin,

Table 1. Summary of TS07 Magnetospheric Data

Spacecraft Number of Points Period

Cluster 65,755 2001–2005
Geotail 135,446 1994–2005
Polar (5 min) 103,856 1996–2005
Polar (15 min) 212,891 1996–2005
IMP 8 16,317 1995–2000
Goes 8 233,674 1995–2003
Goes 9 84,951 1995–1998
Goes 10 213,295 1999–2005
Goes 12 79,569 2003–2005
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with an exception for severely underpopulated regions with
the data density below 20% of the average level.

3. Binning Magnetic Field Data: Nearest-
Neighbor Approach

[14] The approach to binning the magnetospheric data
adopted in this study is based on the assumption that the
state of the magnetosphere, and in particular, its spatial
structure, can be determined using a limited number of
global parameters. The existence of such states for storm
dynamics follows from the well-known Burton’s formula
[Burton et al., 1975], relating the Dst index, its time
derivative, and the solar wind electric field parameter vBz,
as well as further linear and nonlinear generalizations of that
formula [Vassiliadis et al., 1999; O’Brien and McPherron,
2000; Temerin and Li, 2002]. Moreover, successful recon-
struction and forecasting of the spatiotemporal activity of
storms based on global parameters and using linear and
nonlinear filters [Clauer et al., 1983; Valdivia et al., 1999a,
1999b] strongly suggests that every global state of the
magnetosphere has its characteristic spatial structure.
[15] To build the state-space for the storm dynamics of

the magnetosphere we use the average value of the solar
wind electric field, which is obtained using the following
cosine mask

vBzh i tð Þ /
Z T=4

�T=4

vBz t þ tð Þ cos pt
T

� 	
dt ð4Þ

We also use a similar mask for the pressure-corrected Sym-
H index [Iyemori, 1990], a high-resolution analog of the
corresponding Dst index

Sym� Hh i tð Þ /
Z T=4

�T=4

Sym� H t þ tð Þ cos pt
T

� 	
dt ð5Þ

and a sine mask, which reflects its time derivative

D Sym� Hh i tð Þ
Dt

/
Z T=4

�T=4

Sym� H t þ tð Þ sin 2pt
T

� �
dt ð6Þ

where the parameter T = 12 h. The use of sine- and cosine-
masks as well as Sym-H index instead of Dst is aimed to
additionally reduce noise in data. Similar masks naturally
appear when one tries to extract the essential dynamics from
input and output time series using the singular spectrum
analysis [Broomhead and King, 1986], as was shown for the
case of substorms by [Sitnov et al., 2000, Figure 4]. It is
important to note that the time derivative of the right hand
side of (5) is only approximately proportional to the right
hand side of (6) because of the additional factor 2 in the
sine- function, which is introduced following the above
works on the singular spectrum analysis and which is found
to further reduce the noise in data. To avoid a confusion we
use the notation D/Dt instead of the conventional d/dt for
this smoothed time derivative. The adopted timescale T/2 =
6 h is taken to be of the order of the ring current decay time
(e folding time of 7.7 h, according to Burton et al. [1975]).
The normalization coefficients in equations (4)–(6) are
omitted because all three global parameters are normalized
in the following by their standard deviations.
[16] Three main parameters introduced above are relevant

not only from the viewpoints of the dynamical system
theory and empirical modeling, but they also reflect the
basic physics and morphology of storms. The long-lasting
large negative value of the interplanetary vBz is the main
prerequisite of magnetic storms [Gonzalez et al., 1994]. A
cumulative effect of the enhanced convection is the intensi-
fied ring current whose strength is quantified by the indices
Dst and Sym-H. However, the storm-time decrease of the
Sym-H index cannot be reduced to an integral effect of
the enhanced convection electric field, because the state
of the storm-time magnetosphere is also controlled by
various internal transport and dissipation processes that
eventually result in the restoration of the magnetospheric
ground state during the recovery phase [Kozyra and
Liemohn, 2003]. Moreover, the specific values of Dst
and Sym-H as well as their trends are used to identify the
major storm phases, such as the initial, main and recovery
ones. One more factor, which controls the size of the
magnetosphere and strongly affects its spatial structure,
and which is missing in this minimal physical picture of
magnetic storms, is the solar wind ram pressure. Howev-
er, as was explained in the previous section, that param-
eter is already explicitly included in TS07 model. Thus it
can be excluded from the binning procedure described
below.
[17] Given the above three parameters, which determine

the state of the magnetosphere on storm scales for a selected
moment of time G = (hvBzi, hSym-Hi, DhSym-Hi/Dt), one
can determine similar states or its nearest neighbors (here-
after NNs) as the points GNN

(i) in the database whose
Euclidean distance from G

R ¼ G
ið Þ
NN �G




 


; i ¼ 1; . . . LNN ð7Þ

is less than a given value RNN as illustrated in Figure 1. We
remind here that each component of the global state variable

Figure 1. Binning data using the nearest-neighbor
approach. Red circles show the data points in the state-
space of the storm dynamics of the magnetosphere. Solid
red circles indicate those which are the nearest neighbors of
the given point (blue).
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