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[1] The sawtooth event period embedded in a storm interval on 2001-10-22 is analyzed
using magnetic field modeling techniques. The model current systems show that sawtooth
injections are associated with strong stretching of both the nightside and dusk-sector
magnetic field prior to the injection and a partial disruption of that current at the time of
the injection. The currents are strongest near geosynchronous distance and in the
premidnight sector. The strong dusk-sector field stretching produces very fast proton drift
speeds, which can explain the near-simultaneous occurrence of the injections over a
wide local time sector. Comparison of sawtooth periods with nonstorm substorms indicates
that the tail field behavior resembles that of nonstorm substorms, but that the consequences
of the stretching/dipolarization cycle are different from nonstorm times. As the drifting
protons during sawtooth events are mostly on open drift paths, the symmetric ring current is
only slightly affected, while large variations are seen in the asymmetric ring current. The
three-spacecraft magnetic field measurements together with the Dst index were sufficient to
constrain the magnetic field model to give a reasonably accurate global magnetic field
representation, as confirmed by an independent test using measurements not used in the
fitting. Thus we conclude that the empirical modeling methods can be quite reliable in
predicting the large-scale fields when suitable observations are available.
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1. Introduction

[2] The inner magnetosphere is a complex region with
highly varying electromagnetic fields and multiple plasma
populations present at all times. Yet it is the region where
accurate forecasts of the space environment are most
needed, as it hosts the majority of the Earth-orbiting
spacecraft in the very hostile particle environment. As the
complexity of the fields and particle distribution functions
makes accurate representation of the plasma environment
challenging, key questions both for scientific research and
space weather forecasts center around the models that we
have available today are: To what extent can they provide a
predictive capability? What is the level of model sophisti-
cation needed for sufficient accuracy? What are the best

dynamic equations to accurately describe the inner magne-
tospheric physics?
[3] The inner magnetospheric dynamics is at its most

variable during magnetic storms, when the magnetic and
electric fields are highly disturbed, and the energetic ion and
electron fluxes increase by orders of magnitude. The mag-
netic activity during storms is much more complex than
under nonstorm conditions and has been under intense study
recently. Depending on data sets and analysis methods used,
stormtime substorms have been judged to be qualitatively
different from nonstorm ones, while some researchers have
argued that even if stormtime substorms may have features
distinct from the nonstorm ones, most of them can be
categorized as substorms [Henderson, 2004; Pulkkinen et
al., 2005].
[4] To avoid semantic problems associated with the

definition of what is and what is not a substorm, in this
paper we call rapid enhancements of the westward electrojet
seen as significant decreases in the ground magnetometer X
componenets ‘‘activations’’ rather than ‘‘substorms.’’ This
allows for a variety of associated tail signatures, some of
which may be analogous to substorms while others may not.
[5] Sawtooth events are a particular set of magneto-

spheric activations, which are most often observed during
storm periods. At geostationary orbit, they are characterized
by quasiperiodic injections expanding over the terminators
within a few minutes of the injection. Furthermore, they are
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characterized by an extremely stretched magnetic field at
synchronous orbit [Reeves et al., 2004; Henderson, 2004;
Huang et al., 2005]. While in many respects these activa-
tions resemble nonstorm substorms [Lui et al., 2004], their
wide longitudinal extent, rapid propagation speed, and
periodicity of about 2.5 hours raise important questions of
what drives these global-scale magnetospheric oscillations,
and what magnetospheric and ionospheric current systems
support such development.
[6] Empirical models of the electromagnetic fields pro-

vide a means to examine the magnetospheric current sys-
tems, and combined with drift calculations, a possibility to
study the acceleration of both ring current ions and outer
van Allen belt electrons. The most widely used field models
developed by Tsyganenko [1989; 1995] provide a good
representation of the average magnetospheric configuration

but cannot account for the shorter timescale variations of the
magnetic field during substorms or the large field changes
during intense storms. Statistical models designed specifi-
cally to represent the storm-time inner magnetosphere have
also been developed by parametrizing the magnetospheric
field configuration dependence on the state of the external
solar wind and interplanetary magnetic field (IMF)
[Tsyganenko, 2002a, 2002b]. While these models are good
for following the large-scale evolution of the field, again
they cannot reproduce the fine structure of the stormtime
substorms or other activations.
[7] Attempting to gain an accurate representation of the

magnetospheric configuration during specific events, event-
oriented methods use observations to determine the current
systems at any given time [Ganushkina et al., 2002, 2004].
Such models have allowed us to study the evolution of the
magnetospheric current systems during storms of varying
intensity. Specifically, we have addressed the long-standing
issue of the relative contributions of the tail and ring
currents during storms [Skoug et al., 2003; Ganushkina et
al., 2004; Kalegaev et al., 2005]: It was demonstrated that
during moderate magnetic storms the tail current intensifi-
cation is a major contributor to the Dst-enhancement, but
that during intense storms it is the ring current proper that
accounts for the large magnetic disturbances seen in mid-
latitude magnetograms.
[8] In this paper we examine in detail the magnetotail

activity during a sawtooth event that was observed during
the Earth passage of the trailing edge of a magnetic cloud on
2001-10-22. Interestingly, the energy input and output to
and from the magnetosphere were in balance such that the
Dst index remained almost constant at the level of near
�150 nT over a 24-hour period [Pulkkinen et al., 2005].
The sawtooth injections were observed toward the end of
this period, associated with relatively strong solar wind
driving and intense high-latitude magnetic activity. Using
this event as a representative example, we will discuss the
stormtime magnetic activations, energy circulation and its
drivers during storms, the relationship between sawtooth
events and substorms, and the interaction between the
magnetotail and the ring current. With these results, we
address the requirements for models to adequately represent
the complexity of the inner magnetosphere.

2. Observations

2.1. Storm Overview

[9] The storm initiated when the sheath region of an
interplanetary magnetic cloud reached the magnetosphere
at 1645 UT on 2001-10-22. The shock was driven by a
velocity jump from about 400 to 600 km/s. In the sheath
region, the IMF BZ was variable but mostly negative.
Following the sheath encounter, the magnetosphere was
embedded within the cloud proper (0140–1915 UT on
22 October), which had a large negative BX and slowly
rotating BY and BZ. The IMF BZ was close to zero at the
leading edge of the cloud, while it was negative during
the latter part of the cloud. Magnetic field measurements
from MAG instrument onboard the ACE spacecraft [Smith
et al., 1998] in the interplanetary space are shown in the top
three panels of Figure 1.

Figure 1. 2001-10-21-22: Solar wind and IMF observa-
tions. Magnetic field components (a) BX, (b) BY, and (c) BZ

from ACE (all in GSM coordinates, data are lagged by
36.7 min to account for the traveltime from the spacecraft
to the average magnetopause position); (d) Solar wind
dynamic pressure from WIND (lagged 4.5 min); (e) ASY-H
and SYM-H indices; (f) AU and AL indices created using
data from 80 stations from the SuperMAG network. The
vertical lines show the storm onset, and the magnetic cloud
begin and end times.
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