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[1] A computationally optimized low-dimensional nonlinear dynamical model of the
magnetosphere-ionosphere system called WINDMI is used to analyze two large
geomagnetic storm events, 3–7 October 2000 and 15–24 April 2002. These two
important storms share common features such as the passage of magnetic clouds, shock
events from coronal mass ejections, triggered substorms, and intervals of sawtooth
oscillations. The sawtooth oscillations resemble periodic substorms but occur in
association with strong or building ring current populations and have injection regions that
are unusually close to the Earth and unusually wide in magnetic local times (Henderson
et al., 2006; Borovsky et al., 2007). The April 2002 event includes one of the best
examples of sawtooth events ever observed. On 18 April 2002, sawtooth oscillations were
clearly visible when solar wind conditions (IMF Bz, density, pressure) were relatively
steady with a slowly varying Dst. In this study, WINDMI is used to model the 3–7
October 2000 and 15–24 April 2002 geomagnetic activity. WINDMI results are evaluated
focusing on the sawtooth intervals and the overall prediction of the westward auroral
electrojet (AL) index and Dst index. The input to the model is the dynamo driving voltage
derived from the fluctuating solar wind plasma and the interplanetary magnetic field
measured by the ACE satellite. The output of the model is a field-aligned current
proportional to the AL index and the energy stored in the ring current which is proportional
to the Dst index. The model parameters are optimized using a genetic algorithm (GA)
to obtain solutions that simultaneously have least mean square fit to the AL and Dst
indices and also exhibit substorms of period 2–4 hours. The GA optimization results show
that the model is able to predict the Dst index reliably and captures the timing and
periodicity of the sawtooth signatures in the AL index reasonably well for both storm
events.
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1. Introduction

[2] Two geomagnetic storms of contemporary interest are
the large events of 3–7 October 2000 and 15–24 April
2002 which occurred during the recent solar maximum.
Wang et al. [2003] reports coronal mass ejection (CME)
induced interplanetary (IP) shocks in the 3–7 October 2000
period. Similarly, during the 15–24 April 2002 geomagnetic

storm, the Solar and Heliospheric Observatory (SOHO)
detected three CME-induced IP shocks [Gopalswamy et
al., 2002]. The increased solar wind activity caused by these
IP shocks was measured by the Advanced Composition
Explorer (ACE) satellite and the ground-based AL and Dst
index measurements.
[3] Both storm periods also record the passage of a

magnetic cloud (MC), during which global sawtooth oscil-
lations are detected. Sawtooth oscillations have been ob-
served during magnetic cloud events with modest values
(Bz

IMF � �10 nT), when solar wind conditions are slowly
varying and relatively weak. Conditions on 4 October 2000
and 18 April 2002 are typical of those that produce
sawtooth events. The sawtooth oscillations resemble peri-
odic substorms but the injection boundary tends to occur
unusually close to Earth, over a broader range of magnetic
local times, and with a more extreme dipolarization of the
magnetic field than for more typical substorms [Henderson,
2004; Henderson et al., 2006; Borovsky et al., 2007].
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[4] An interesting aspect of the sawtooth oscillations is
that they occur during solar wind flows with low Alfvénic
Mach numbers (i.e., modest Bz

IMF with low solar wind
densities), conditions that tend to occur within coronal mass
ejections. These conditions have been associated with
saturation of the polar cap potential and with unusually
strong convection in the magnetosphere [Borovsky et al.,
2007]. The signature of sawtooth events have been noted in
the ring current ENA populations, strongest in the oxygen
component (discussed by Henderson et al. [2006]). Saw-
tooth events are also associated with low plasma sheet
densities (ring current source population). When sawtooth
injections appear at geosynchronous orbit a small recovery
of order 10 nT can sometimes be seen in the Sym-H index.
This recovery is likely due to the disruption of the magneto-
tail currents close to Earth as the magnetic field dipolarizes.
Small recoveries of Sym-H associated with each dipolariza-
tion are clearly seen on 18 April 2002 [Henderson et al.,
2006]. (The Sym-H index is another measure of the severity
of magnetic storms and is similar to the Dst. Here we use
the Dst index and defer consideration of Sym-H to another
study. The difference is not important for this work.)
[5] In this work a computationally optimized nonlinear

dynamical model of the coupled magnetosphere-ionosphere
system called WINDMI [Doxas et al., 2004; Horton et al.,
2005a] is used to analyze both these important geomagnetic
storms and to capture some of the important events that occur
within them. TheWINDMImodel simulates through a physics
network, the energy transfer into, and between dominant
components of the nightside magnetosphere and ionosphere.
Maintaining energy balance between global components of the
Magnetosphere-Ionosphere-Ring Current (M-I-RC) system
results in a low-dimensional (d = 8) nonlinear system of
ordinary differential equations that are solved numerically to
determine the state of every component. The output of the
model is a region 1 field-aligned current (R1 FAC) and the
energy stored in the ring current which are compared to the AL
and Dst indices, respectively.
[6] Determination of the various dynamical quantities is

based on the geometry of the Tsyganenko magnetic field
model [Tsyganenko and Usmanov, 1982] of the Earth’s
magnetosphere. The magnetosphere is partitioned into five
regions: (1) the geotail lobe, (2) the central plasma sheet,
(3) the ring current, (4) the nightside region 1 current, and
(5) the nightside region 2 current closing as a partial ring
current. The basic energy components associated with these
regions of the nightside magnetosphere are (1) the lobe
magnetic energy, (2) the plasma thermal energy, (3) the
parallel streaming kinetic energy due to plasma flow along
magnetic field lines, and (4) the cross-tail kinetic energy due
to plasma flow perpendicular to the magnetic field. These
components channel energy to the ionosphere via the
nightside region-1 currents [Horton and Doxas, 1996;
Horton and Doxas, 1998]. The region-1 current is then
proportional to the AL index measured by ground-based
stations. The two largest energy components in the model
are (1) the magnetic energy Wm stored in the geotail lobes
that extend to a distance Lx behind the Earth and (2) the
plasma energy Wrc in the ring current.
[7] The model has been improved [Doxas et al., 2004]

and includes the energy of the ring current plasma driven by
plasma injection across the Alfvén layer in the nightside

inner magnetotail transition region. The ring current plasma
energy is a new component of the model that leads to the
predicted Dst index through the Dessler-Parker-Sckopke
relation [Dessler and Parker, 1959; Sckopke, 1966]. A
limitation of the model is that the physical dimensions of
the regions are constrained to be time invariant. The
parameters of the model are coefficients of the differential
equations that relate to plasma properties and physical
dimensions of the magnetosphere-ionosphere system. These
parameters are estimated using physical considerations or
measured data.
[8] In an earlier work, Horton et al. [2003] used the

WINDMI model to classify three types of substorms based
on (1) a bimodal response with an internal trigger based on
the near-Earth neutral line model, (2) a rapid unloading
initiated by a northward turning of the IMF, and (3) a linear
filter response. With this framework, the WINDMI model
successfully reproduced three types of substorms [Horton et
al., 2003] in a database with 117 isolated substorms
[Blanchard and McPherron, 1993].
[9] In the work of Horton et al. [2005b], set of parameters

obtained through manual estimation of the conditions in the
nightside magnetosphere was used to obtain good results in
the analysis of the 3–7 October 2000 storm. In this work a
genetic algorithm optimization procedure is employed to
tune the model computationally, using a combination of cost
functions to extract physically acceptable solutions from the
parameter search space that fit well to the measured AL and
Dst indices as well as exhibit periodic substorms and other
phenomena of interest especially with respect to the AL
index. In order to select solutions that meet multiple criteria
in an independent way, a multiobjective optimization
scheme is used to obtain the best parameters. The optimal
solution is selected through a qualitative assessment of a
family of pareto-optimal parameter sets that are returned by
the optimization algorithm. The computational method
employed here will form the basis of an automated real-
time AL and Dst prediction model to be developed in the
future.
[10] In section 2 we present the satellite and ground-based

data for both the storm periods and discuss some important
features of each event. In section 3 we describe the data
derived signal that is used as the input into the WINDMI
model. In section 4 we present the WINDMI model in some
detail and compare the WINDMI results with AL and Dst
indices using nominal parameters in subsection 4.2. In
section 5 a brief explanation of the genetic algorithm based
optimization method will be given. In section 6 we will
discuss and compare the WINDMI results obtained through
the optimization procedure with the data. Finally, we will
summarize and draw some conclusions about the perfor-
mance of the WINDMI model in section 7. We also include
additional details of the single and multiobjective optimi-
zation algorithm in Appendix A.

2. Storm Data

[11] Complete measurements of solar wind proton density,
solar wind velocity and the Interplanetary Magnetic Field
(IMF) in GSM coordinates for the two geomagnetic storm
periods are available from the Advanced Composition
Explorer (ACE) satellite. We use these quantities to derive
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