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[1] It has been observed that H+ is the dominant ion species in the plasma sheet and
the ring current during quiet times. However, the O+/H+ density ratio increases with
increasing geomagnetic storm and substorm activity. Energetic neutral atom (ENA)
images from Imager for Magnetopause-to-Aurora Global Exploration/High Energy
Neutral Atom (IMAGE/HENA) reveal the rapid increase of O+ ring current at substorm
expansion. Finding the cause of this substorm-associated O+ enhancement is the main
focus of this paper. Two possible sources are suggested: direct injection from the
ionosphere and energization of the preexisting oxygen ions in the magnetosphere. We
perform numerical simulations to examine these two mechanisms. Millions of O+ are
released from the auroral region during a simulated substorm by the Lyon-Fedder-
Mobarry MHD model. The subsequent trajectories of these outflowing ions are calculated
by solving the full equation of particle motion. A few minutes into the substorm
expansion phase, an enhancement in O+ pressure is found on the nightside at �12 RE.
After careful analysis, we conclude that this pressure peak is coming from energization of
the preexisting O+ in the plasma sheet. The direct injection mechanism will introduce a
significant time lag between strong ionospheric outflow and magnetospheric
enhancement, so that it cannot explain the observed O+ bursts. Using the temperature and
density established by the test-particle calculations as boundary conditions to a ring
current model, we calculate the O+ fluxes and the corresponding ENA emissions during
the model substorm. We are able to reproduce observable features of oxygen ENA
enhancements as seen by IMAGE/HENA.
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1. Introduction

[2] Oxygen ion is one of the major ion species in the
plasma sheet and ring current regions that bears many
important and unique features. Unlike magnetospheric H+,
which originate from both the solar wind and the iono-
sphere, O+ exclusively originate from the ionosphere
[Moore and Delcourt, 1995; Moore et al., 2001; T. E.
Moore and J. L. Horwitz, Solar ablation of planetary
atmospheres, submitted to Reviews of Geophysics, 2006].
Oxygen ions thus act as tracers of ionospheric influences on
the magnetosphere. The upward flow of ionospheric O+ is
primarily from the auroral zone and is powered by solar
wind energy dissipated into the ionosphere [Moore et al.,
1999, 2006]. The outflow and heating of O+ alters the
density, pressure, and ion composition in the magneto-

sphere. Since the lifetimes are different for different ion
species, the composition changes in the magnetosphere
control the recovery timescale of a magnetic storm.
Hamilton et al. [1988] suggested the short charge exchange
lifetimes of 75–100 keV O+ are responsible for the rapid
initial recovery of the major storm on 8–9 February 1986.
These O+ ions can also cause the reduction of reconnection
rate by decreasing of the Alfven speed or reduction of the
convection strength by momentum conservation [Winglee et
al., 2002]. Owing to the relatively large gyroradius and
small cyclotron frequency, O+ ions behave nonadiabatically
in much of the magnetosphere, especially near the central
plasma sheet and during magnetic reconfiguration.
Enhanced density of these heavy ions in the plasma sheet
may lead to tearing mode instabilities and triggering sub-
storm onset [Baker et al., 1982, 1985] since the growth rate
of tearing mode instability increases when the ratio of the
ion gyroradius to the characteristic plasma sheet thickness
rises.
[3] The energy density ratio of O+/H+ in the magneto-

sphere is small during quiet times; however, this ratio
increases with increasing geomagnetic activity [Young et
al., 1982; Hamilton et al., 1988; Roeder et al., 1996; Daglis,
1997]. In large magnetic storms, O+ becomes the dominant
ion species. During extreme events, like the Halloween
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