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Abstract. During a storm recovery phase on 15 May
2005, the Geotail spacecraft repeatedly observed high-
energy (>180 keV) oxygen ions in the dayside magne-
tosheath near the equatorial plane. We focused on the time
period from 11:20 UT to 13:00 UT, when Geotail observed
the oxygen ions and the interplanetary magnetic field (IMF)
was constantly northward. The magnetic reconnection oc-
currence northward and duskward of Geotail is indicated
by the Waĺen analysis and convective flows in the magne-
topause boundary layer. Anisotropic pitch angle distribu-
tions of ions suggest that high-energy oxygen ions escaped
from the northward of Geotail along the reconnected mag-
netic field lines. From the low-energy particle precipitation
in the polar cap observed by DMSP, which is consistent with
magnetic reconnection occurring between the magnetosheath
field lines and the magnetospheric closed field lines, we con-
clude that these oxygen ions are of ring current origin. Our
results thus suggest a new escape route of oxygen ions during
northward IMF. In the present event, this escape mechanism
is more dominant than the leakage via the finite Larmor ra-
dius effect across the dayside equatorial magnetopause.

Keywords. Magnetospheric physics (Magnetopause, cusp,
and boundary layers; Magnetospheric configuration and dy-
namics; Storms and substorms)

1 Introduction

Escape of the Earth’s oxygen ions (O+ and O++) is a long-
standing issue in magnetospheric physics. It is known that
oxygen ions of low charge state are originated from the ter-
restrial ionosphere (cf. Abe et al., 1993; André and Yau,
1997; Nilsson et al., 2006) and that they follow various fates;
for instance, some of them escape into the distant tail, and
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some flow out across the duskside/dayside magnetopause
(e.g. Seki et al., 2001; Ebihara et al., 2006).

Observations of energetic ions (including oxygen ions) in
the magnetosheath have often been reported. Especially dur-
ing geomagnetic storms, magnetospheric (ring current) ions
can be the significant source, since they flow out from the
magnetosphere (e.g. Daglis et al., 2003; Keika et al., 2005,
and references therein). Furthermore, even in the upstream
of the bow shock, energetic ions have been observed dur-
ing geomagnetic disturbances, which are considered to be of
magnetospheric origin (Winglee et al., 1996; Posner et al.,
2002; Keika et al., 2004).

The flow out through the magnetopause plays a significant
role in the ring current decay and the recovery ofDst index
(Kozyra et al., 2002; Kozyra and Liemohn, 2003). The im-
portance of the outflow is greater than or comparable to that
of the charge exchange process during the storm main phase
and the early recovery phase (Daglis et al., 2003; Keika et
al., 2006). During strong magnetic storms, the energy den-
sity of oxygen ions often surpasses that of protons in the cen-
tral (L∼3–5) or relatively outer (L∼5–7) ring current region
(e.g. Hamilton et al., 1988; Daglis et al., 1997). Furthermore,
McEntire et al. (1985) showed that the ratio of the integral
fluxes (heavy ion flux)/(all ion flux) in the energy range of
a few hundreds of keV became∼1 in the outer ring current
region (L∼9) at the dayside and the duskside. Understand-
ing the loss process of energetic oxygen ions as well as other
ion species through the magnetopause, therefore, is essential
from the viewpoint of the storm time dynamics.

Possible candidates of the ion loss from the magnetosphere
are (1) leakage due to the finite Larmor radius (FLR) ef-
fects and (2) escape along interconnected magnetosphere-
magnetosheath magnetic field lines that result from mag-
netic reconnection (e.g. Sibeck et al., 1987). Paschalidis et
al. (1994) studied energetic (>50 keV) ions near the dayside
equatorial magnetopause, by utilising the data obtained by
AMPTE/CCE. They concluded that the leakage due to the
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FLR effect is the dominant loss process. Recently, Marcucci
et al. (2004) studied oxygen ion motion during a magne-
topause skimming by Cluster, and found that a model based
on the FLR effect can successfully reproduce the observa-
tion.

On the other hand, Zong et al. (2001) examined a storm
event by using Geotail data, and found that oxygen ions
(>∼150 keV) escape through magnetic reconnection be-
tween the southward magnetosheath field and magneto-
spheric field lines near the equator. Although the escape via
magnetic reconnection at a low latitude during southward In-
terplanetary magnetic field (IMF) has been reported (Speiser
et al., 1981; Daly et al., 1984; Zong et al., 2001), there is little
discussion on the escape via magnetic reconnection during
northward IMF periods. One exception is the study by On-
sager et al. (2001) who showed anisotropic phase space den-
sities of ions (without mass discrimination) observed by the
Polar spacecraft during northward IMF, and suggested that
the ion escape was due to high-latitude reconnection with the
closed magnetospheric field lines. Their observation, how-
ever, was limited to ions with energy<20 keV/q, and could
not mention the ion species due to the lack of a mass anal-
yser.

In this paper, we present for the first time evidence of the
escape of high-energy (>180 keV) oxygen ions along mag-
netic field lines produced by magnetic reconnection under
northward IMF.

2 Instrumentation

The Ion Composition System (ICS) sensor is a part of the
Energetic Particles and Ion Composition (EPIC) instrument
onboard Geotail (Williams et al., 1994). ICS consists of three
individual sensor heads; two of them are identical and mea-
sure ion spectra and compositions, while the third head mea-
sures electron spectra.

The ion detectors sweep out electrons with energy
<200 keV by a magnet. Their heads are set on the north-
ern and southern sides of the satellite body, and the north-
ern (southern) aperture is centred 23◦ above (below) the spin
plane, with 30◦ conical Field of View. Energy of ions is mea-
sured by 350µm silicon Solid State Detectors (SSDs). Time-
of-Flight system with start/stop MicroChannel Plate (MCP)
assemblies, in combination with an SSD assembly, provides
information on the mass of each incoming ion. Measurement
energies are 187–3565 keV for heavy (C, N, and O) ions and
58–3005 keV for protons. Heavy ions (atomic numbers of
12–16) are regarded as oxygen ions in this analysis. Pitch
Angle (PA) distributions obtained over 180◦ are divided into
nine angular bins. Although these sensor heads cannot cover
180◦ fan, most of the whole PA range is scanned in combina-
tion with the spacecraft spin motion every∼3 s (spin period).
The azimuthal angle in the spin plane is divided into 16 sec-
tors.

We also use the magnetic field and the low-energy particle
data, which are respectively obtained by the Magnetic Field
sensor (MGF) (Kokubun, 1994) and the Low Energy Particle
detector (LEP) onboard Geotail (Mukai et al., 1994). LEP-
EAi (for ions) and LEP-EAe (electrons) consist of spherical
electrostatic analysers and MCPs or Channel Electron Mul-
tipliers (CEMs). Measurement energies during the present
event are∼0.1–40 keV/q.

Precipitation of low-energy ions and electrons is observed
at a low altitude (∼850 km) by the Precipitating Electron
and Ion Spectrometer onboard DMSP (Hardy et al., 1984).
The instrument looks toward the satellite zenith, and the en-
ergy coverage is 0.03–30 keV/q. The convective flow is mea-
sured by retarding potential analysers and ion driftmeters
(Greenspan et al., 1986; see also Hanson et al., 1981; Heelis
et al., 1981, for the measurement principles). DMSP is in a
sun-synchronous orbit with the orbital period of 101 min.

In order to monitor the solar wind, we use the data ob-
tained by the Solar Wind Electron, Proton, and Alpha Moni-
tor (McComas et al., 1998) and the Magnetometer instrument
(Smith et al., 1998) onboard the ACE spacecraft.

3 Observations

3.1 Solar wind and magnetospheric conditions

On 15 May 2005, a strong geomagnetic storm occurred, with
the minimum Sym-H index of −305 nT at 08:21 UT. Fig-
ure1 shows solar wind moment data and IMF, observed by
the ACE satellite, which was located∼250RE upstream of
the Earth. The data are shifted by 34 min forward, in order
to see their effects on the Earth’s magnetosphere. The inter-
planetary shock in front of a coronal mass ejection (CME)
would have arrived at∼02:40 UT, as can be seen in the step-
like increase of the magnetic field intensity (Bt ). The pro-
ton density (Np), velocity (Vx), and thus dynamic pressure
(Pd ) tremendously increased downstream of the shock. The
main body of the CME arrived at∼06:00 UT.|Vx | exceeded
800 km/s, with relatively large|Vy | and|Vz| (∼100 km/s). In-
side the CME, clear signatures of a magnetic flux rope are
seen in the magnetic field data; after 06:00 UT,Bx was con-
stantly negative, while the magnetic field rotated in the y-z
plane.

The storm initiation roughly coincided with the southward
turning of the IMF at∼06:00 UT. After 3 h of the south-
ward IMF period, it turned back northward at 09:00 UT, and
was continuously northward until∼18:00 UT. Sym-H index
is also displayed at the bottom in Fig.1. A rapid recovery
phase continued until∼18:00 UT on 15 May, followed by a
slow recovery phase until 20 May (not shown).

3.2 Geotail observations

Figure2 displays the omni-directional energy-time spectro-
grams of electrons and ions, the ion moments calculated from
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Fig. 1. Solar wind data (in GSM) obtained by ACE (shifted 34
min forward). The Sym-H index is also displayed at the bottom.
The hatched period is examined by using Geotail data. The arrivals
of the interplanetary shock front and the main body of the CME
are seen at 02:40 UT (black arrow) and 06:00 UT (purple arrow),
respectively.

Fig. 1. Solar wind data (in GSM) obtained by ACE (shifted 34 min forward). The Sym-H index is also displayed at the bottom. The hatched
period is examined by using Geotail data. The arrivals of the interplanetary shock front and the main body of the CME are seen at 02:40 UT
(black arrow) and 06:00 UT (purple arrow), respectively.

the LEP data, and the magnetic field in GSM, from 11:20 to
13:00 UT. This time period is during the rapid recovery phase
(Sym-H ∼−150 nT and increasing). Geotail was located in
the dayside magnetosheath or the magnetopause boundary
layer. The location of Geotail is also displayed at the bot-
tom of Fig.2. The bar on the top of Fig.2 roughly indicates
the region in which Geotail was located; the light blue, yel-
low, and maroon mean the magnetosphere (M), the magne-
tosheath (Sh), and the boundary layer (B), respectively. In

the energy-time spectrograms (top two panels), sporadic en-
hancements of medium-energy particle fluxes (∼1 keV for
electrons and∼10 keV/q for ions) are seen (e.g. 11:50 UT
and 12:22 UT) during magnetosheath periods.

For moment calculation, all ions are assumed to be pro-
tons, since the LEP-EAi instrument does not discriminate
ion mass. Thinner magenta lines in theVx , Vy , and Vz

panels illustrate three components of the velocity perpen-
dicular to the ambient magnetic field. The magnetic field
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Fig. 2. E-t spectrograms of electrons (top panel) and of ions (second
panel), ion moments calculated from LEP data, and the magnetic
field. The scales are logarithmic for energy (ordinate) and count
rates (colour). Periods of the magnetopause boundary layer are also
hatched. At the outer edge of the layer, dawnward flows (Vy < 0)
were observed (indicated by red arrows). The satellite position is
described in GSM coordinates. Thinner magenta lines in theVx,
Vy, andVz panels are the components of the velocity perpendicular
to the ambient magnetic field. The bar on the top roughly indicates
the region in which Geotail was located; the light blue, yellow, and
maroon mean the magnetosphere (M), the magnetosheath (Sh), and
the boundary layer (B), respectively.

Fig. 2. E-t spectrograms of electrons (top panel) and of ions (second panel), ion moments calculated from LEP data, and the magnetic field.
The scales are logarithmic for energy (ordinate) and count rates (colour). Periods of the magnetopause boundary layer are also hatched.
At the outer edge of the layer, dawnward flows (Vy<0) were observed (indicated by red arrows). The satellite position is described in
GSM coordinates. Thinner magenta lines in theVx , Vy , andVz panels are the components of the velocity perpendicular to the ambient
magnetic field. The bar on the top roughly indicates the region in which Geotail was located; the light blue, yellow, and maroon mean the
magnetosphere (M), the magnetosheath (Sh), and the boundary layer (B), respectively.

on the magnetosheath side is strongly northward with large
duskward and tailward components:B∼(−40, 100, 90) nT.
The bulk flow of solar wind in the magnetosheath is nearly

parallel to the magnetic field:V ∼(−100, 200, 200) km/s.
The hatched (grey) periods are the magnetopause bound-
ary layer; the density and temperature are higher and lower,
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Fig. 3. Pitch angle distributions of oxygen ions (187-221 keV) in
the upper panel and protons (154-228 keV) in the lower. The bar in
the middle is identical to the one in Figure 2.

Fig. 3. Pitch angle distributions of oxygen ions (187–221 keV) in
the upper panel and protons (154–228 keV) in the lower. The bar in
the middle is identical to the one in Fig.2.

respectively, by a factor of two than those in the magneto-
sphere. The anomalously strong magnetic field strength in
the magnetosheath exceeds the magnetic field strength inside
the magnetosphere.

Figure 3 shows PA distributions of energetic ions from
11:20 to 13:00 UT. The upper panel is for high-energy (187–
221 keV) oxygen ions. The lower panel shows high-energy
(154–228 keV) protons. The bar in the middle of Fig.3
is identical to the one in Fig.2. Geotail observed a sig-
nificant flux of high-energy oxygen ions, which surpasses
the proton flux. The flows of oxygen ions antiparallel to
the magnetic field are seen at∼11:44 UT, 11:48–11:52 UT,
11:54–12:09 UT, and 12:19–13:00 UT. Furthermore, dur-
ing 11:48–11:52 UT and 12:01–12:06 UT, the fluxes at PA
∼150◦ are much more intense than those at PA∼100◦. These
flows of energetic oxygen ions are the most striking fea-
ture in this event, and their nature is the subject of this pa-
per. Periods straddling the magnetosheath and the bound-
ary layer (∼11:44 UT,∼12:08 UT, and∼12:19 UT) are dis-
cussed later, since they provide essential information on the
magnetic field topology. The schematic showing our inter-
pretations is found in Fig.4.

KASAHARA ET AL.: ENERGETIC OXYGEN ESCAPE 15

Fig. 4. Schematic diagram of the magnetic configuration and the
location of Geotail (at the dayside equatorial plane). Green, blue,
and yellow lines indicate open, closed, and interplanetary magnetic
field lines, respectively. Maroon arrows display reconnection jets
(field line motions), while a black arrow shows the anti-field aligned
flow of energetic ions observed by Geotail.

Fig. 4. Schematic diagram of the magnetic configuration and the
location of Geotail (at the dayside equatorial plane). Green, blue,
and yellow lines indicate open, closed, and interplanetary magnetic
field lines, respectively. Maroon arrows display reconnection jets
(field line motions), while a black arrow shows the anti-field aligned
flow of energetic ions observed by Geotail.

In the boundary layer, the remarkable negativeVy (i.e.
dawnward flows of the order of 100 km/s represented by red
arrows in Fig.2) are almost equal to the y-component of the
velocity perpendicular to the background magnetic field; this
is oppositely directed to the solar wind flow in the magne-
tosheath, and hence it is suggested that the observed flows
are reconnection jets (cf. Gosling et al., 1990). The dawn-
ward jet is consistent with the occurrence of magnetic recon-
nection duskward of the satellite location. In addition, the
rather small IMF clock angle (By∼Bz) implies that the re-
connection site was at a high latitude, although we do not
rule out the possibility of component reconnection at a low
latitude (but northward of Geotail).

It should be noted that the flux increases at medium energy
in the magnetosheath side (see top two panels of Fig.2) coin-
cide with the high-energy ion flows in Fig.3. The anisotropy
of the medium-energy ion distribution functions (although
not shown) is consistent with that expected for escaping ring
current ions and/or reflected magnetosheath ions (Cowley,
1982, 1995); it suggests that the satellite was on the recon-
nected flux tube.

We performed the Walén analysis (cf. Sonnerup et al.,
1987) to confirm the reconnection occurrence and its lo-
cation. The interval used for the analysis is 12:07:37–
12:09:25 UT, as indicated by the blue bar at the bottom of
Fig. 2. For the calculation, we assumed the isotropy of
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Fig. 5. Walén plot in GSM for the interval of 12:07:37-12:09:25
UT. Black, red, and green represent the x, y, and z components,
respectively. The velocity of the deHoffman-Teller frame in GSM
was found to be (124,−199,−368) km/s with the correlation coef-
ficient of 0.98.

Fig. 5. Walén plot in GSM for the interval of 12:07:37–
12:09:25 UT. Black, red, and green represent the x, y, and z compo-
nents, respectively. The velocity of the deHoffman-Teller frame in
GSM was found to be (124, −199, −368) km/s with the correlation
coefficient of 0.98.

the pressure and that all detected ions were protons. The
deHoffman-Teller (dHT) frame was determined well with the
correlation coefficient between components of−V ×B and
of −V HT ×B of 0.98, whereV andV HT are the velocities
measured in the spacecraft-rest frame. The resultant dHT ve-
locity is V HT =(124, −199, −368) km/s in GSM; its south-
ward and dawnward components are consistent with the re-
connection occurrence northward and duskward of Geotail.
Figure5 shows that flow velocities in the dHT frame have a
linear correlation with the local Alfv́en velocities. The cor-
relation coefficient is 0.98. The positive slope indicates that
the normal component of the magnetic field at the rotational
discontinuity magnetopause was earthward (e.g. Sonnerup et
al., 1981). These are further evidence of the reconnection oc-
currence and are consistent with its location being northward
and duskward of Geotail under the northward and duskward
IMF condition (Fig.4). We discuss the reason of a relatively
small slope (∼0.57) later.

4 Precipitation in the Polar region

Although magnetic reconnection northward and duskward of
Geotail is indicated by the above analysis, we have two can-
didates on the reconnection type: one is reconnection with
the equatorward-of-cusp (closed) magnetospheric field, and
the other is with the poleward-of-cusp (open) field (i.e. lobe
reconnection). In order to confirm that at least the former
type of reconnection have occurred, we analyse the particle
precipitation observed by DMSP at a low altitude (∼850 km).
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Fig. 6. Orbits of the DMSP satellites and observed flows. They
moved from the dusk sector to the morning sector. Magnetic local
time and latitude are displayed. The top (bottom) is the midnight
(noon), and the left (right) is the dawn (dusk). The thick solid line
in the F16 track indicates the polar cap region derived from the pre-
cipitation signature. The mapped position of Geotail at 11:20 UT is
also shown.

Figure 6 shows the orbits of the DMSP satellites (F13,
F15, and F16), which passed through the dayside sector
in the Northern Hemisphere. The plot is for the north-
ward IMF period that is covered by the Geotail observa-
tion (11:32–11:52 UT for F16, 11:45–12:05 UT for F15, and
11:57–12:17 UT for F13). Observed horizontal flows are su-
perposed (except for F16, which does not provide flow data).
The thick solid line for F16 indicates the polar cap period,
which is determined by the particle data shown below. The
Geotail footpoint at 11:20 UT, when it was located inside the
magnetosphere, is also shown as a rough guide. The Geotail
position is mapped by a model magnetic field (Tsyganenko
and Stern, 1996) using the averaged solar wind parameters
obtained by ACE and 1 h average of Sym-H index (instead
of Dst ).

Apparent feature in Fig.6 is strong sunward flows ob-
served by F13 and F15 at∼14–16.5 MLT. Furthermore, in a
closer look, one would notice that F15 also observed abrupt
changes of the flow direction; in the evening/post-noon sec-
tor, both the sunward flow and the anti-sunward/dawnward
flow are observed by F15. This indicates that the convection
pattern was not steady in this period, and thus the reconnec-
tion occurrence would not have been stable.

Ann. Geophys., 26, 3955–3966, 2008 www.ann-geophys.net/26/3955/2008/



S. Kasahara et al.: Energetic oxygen escape 3961

18 KASAHARA ET AL.: ENERGETIC OXYGEN ESCAPE

UT 11:32:00 11:35:20 11:38:40 11:42:00 11:45:20 11:48:40 11:52:00
55.6 66.8 76.9 80.9 73.6 62.9 51.6LAT

117.5 108.6 87.1 24.9 339.2 324.3 317.0LON
52.2 62.6 71.7 77.5 75.9 68.1 58.5MLAT

19:22 18:49 17:43 15:23 12:16 10:36 09:50MLT

JHU/APL

F16 2005/135
May 15

E
N

E
R

G
Y

 (
ke

V
/q

)

5

6

7

8

9

10

3

4

5

6

7

8

E
L

E
C

T
R

O
N

S
Log

(diff. energy flux )

electrons ions

0.1

1

10

IO
N

S

0.1

1

10

0.1

1

10

0.1

1

10

Fig. 7. Energy-time spectrograms of electrons and ions obtained
by the DMSP F16 satellite from 11:32 to 11:52 UT. The scales are
logarithmic for ordinate and colour (differential energy flux). The
colour bars at the bottom correspond to precipitation regions shown
in Figure 9.

Fig. 7. Energy-time spectrograms of electrons and ions obtained by the DMSP F16 satellite from 11:32 to 11:52 UT. The scales are logarith-
mic for ordinate and colour (differential energy flux). The colour bars at the bottom correspond to precipitation regions shown in Fig.9.

Figure7 is the precipitating particle data observed by F16
during the northward IMF period. The energy-time spectro-
grams for electrons (top) and ions (bottom) are displayed.
In the lower-latitude region (before∼11:36:40 UT and af-
ter ∼11:46:00 UT), medium-energy electrons (>1 keV) and
ions (>10 keV/q) are seen. The higher peak energies and
the lower counts of low-energy particles evidence that these
populations are central plasmasheet/ring current particles
trapped by the closed field.

In the polar cap period (∼11:36:40–11:46:00 UT), signifi-
cant precipitation of the low-energy particles is seen. The av-
erage energy of electrons (∼200 eV) is comparable to those
in the magnetosheath (see Fig.2). Ions with 1–10 keV/q en-
ergies in the polar cap region can be interpreted as having
been accelerated at/near the X-line. From 11:39 to 11:41 UT,
such accelerated particles are seen, and the precipitation is
categorised as of cusp (Newell et al., 1991a, b). This cusp,
which is separate from the open/closed boundary, suggests
the occurrence of lobe reconnection (e.g. Pitout et al., 2002).
Furthermore, the complex structure in the spectrogram for
this period may be due to transient occurrence of lobe re-
connection, which is consistent with abrupt changes of the
convection pattern observed by F15.

On the other hand, precipitation in the low-latitude bound-
ary layer-like (LLBL-like) region (Newell et al., 1991b) dur-
ing ∼11:44:20–11:45:50 UT shows another feature. As indi-
cated by black arrows, the energy cutoffs show step-like in-
crease with decreasing latitude. This is a well-known mani-
festation of pulse mode reconnection between the closed field
line and the magnetosheath field line: the step-like signature
is attributed to a sequence of the flux tubes moving pole-
ward, which started at the reconnection site along the dayside
open/closed boundary (see Farrugia et al., 1998).

Mantle type precipitation during∼11:41–11:44 UT shows
energy decrease and increase, associated respectively with
increase and decrease of magnetic latitude. The minimum
energy cutoff is roughly coincident with the peak latitude
at ∼11:43 UT. The origin of this energy-dispersed feature is
discussed later.

After 11:43:50 UT, coexistence of two components, i.e.
the mantle type low-energy component and the LLBL type
accelerated component are seen simultaneously: this can be
attributed to the ion drift motion across the flux tube. LLBL
ions (∼1–10 keV) can transfer to the mantle flux tube via
the curvature/gradient drift. The coexistence may also be ex-
plained by other mechanisms such as lobe reconnection in
the Southern Hemisphere. However, providing definitive ex-
planation is beyond the scope of this paper.

Figure8 displays the energy-time spectrograms obtained
by F13 with the horizontal flow in the noon-midnight di-
rection at the top. The time period is 11:57–12:17 UT,
25 min later than the F16 pass. The bottom panel shows
a clear signature of ion energy dispersion from 12:02:40
to 12:04:00 UT. The initiation of the dispersion signature is
roughly coincident with the beginning of the strong sunward
flow, which indicates lobe reconnection in the evening/post-
noon sector. This observation is consistent with the cusp-type
precipitation seen by F16 in the same MLT and latitudinal re-
gion, explained by lobe reconnection.

The other point in this plot is the existence of accelerated
ions at the duskside mantle/LLBL (12:08:40–12:11:40 UT).
These ions are observed with the anti-sunward convec-
tion near the duskside open/closed boundary (observed at
∼12:11:40 UT). These accelerated ions cannot be explained
by the transport from the cusp in the evening sector indicated
above; even if the lobe cell extends to the dawnside, ions with
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Fig. 8. Sunward/anti-sunward flow (top) and energy-time spectro-
grams (bottom two panels) of electrons and ions obtained by the
DMSP F13 satellite from 11:57 to 12:17 UT. The meaning of the
bottom colour bars is the same as in Figure 9.

Fig. 8. Sunward/anti-sunward flow (top) and energy-time spectrograms (bottom two panels) of electrons and ions obtained by the DMSP
F13 satellite from 11:57 to 12:17 UT. The meaning of the bottom colour bars is the same as in Fig.9.
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genta, F15 cyan, and F16 yellow).Fig. 9. Schematic diagram illustrating reconnection sites and pre-
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genta, F15 cyan, and F16 yellow).

such energy would have precipitated before the flux tube is
convected to the duskside (see the rapid energy decrease in
the cusp in Fig.8). It seems to be more likely that accelerated

ions in this period are associated with the merging line along
the dayside open/closed boundary suggested above.

Figure9 illustrates our interpretation of the DMSP data.
As indicated above, transient reconnection would have oc-
curred in the focused period, hence it is impossible to make
one schematic diagram which is completely consistent with
all data. Nevertheless, Fig.9 shows most of important as-
pects for our purpose.

F13 passed the polar cap region in the order of bound-
ary plasma sheet (BPS), cusp, mantle, polar rain region, and
mantle/LLBL (see also Fig.8; cf. Newell et al., 1991b).
Energy-time spectrograms of F15 also show consistent sig-
natures with this schematic diagram, although they are not
shown here because the data include unrealistic (instrumen-
tal) energy cutoff. F16 also observed the high-latitude cusp,
mantle, and LLBL in this order (see Fig.7). As pointed out
above, F16 mantle precipitation (∼11:41–11:44 UT) shows
remarkable energy decrease/increase along the track. This
variation can be interpreted in terms of the time-of-flight ef-
fect. Since higher-energy (i.e. faster) ions precipitate ear-
lier, the energy cutoff can correspond to the distance from
the low-latitude merging line on the open/closed boundary to
the satellite track along the convection stream line. There-
fore, the lowest energy cutoff is detected at the farthest point
from the open/closed boundary.

Note that it is unlikely that this mantle associates with
the high-latitude cusp, since the low-energy cutoff does
not smoothly connect to the cusp precipitation signature at
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∼11:41:20 UT (Fig.7). The electron spectrum also shows
abrupt change at the same time. It should be also noted that
the average slope of the step-like increase of the ion cutoff
energy in the LLBL well matches the smooth slope in the
mantle region. These features are further evidence that the
observed mantle is associated with reconnection occurring
on the open/closed boundary, not at the high-latitude lobe
magnetopause.

In summary, the DMSP data indicates the reconnection oc-
currence at two sites quasi-simultaneously: one is the high-
latitude evening/post-noon sector, and the other is the day-
side open/closed boundary. This result supports our interpre-
tation in Fig.4.

5 Discussion

5.1 Escape through reconnection during northward IMF

Magnetic field configurations and the route of the oxygen ion
escape inferred from the above observations are illustrated
in Fig. 4. Note that we do not rule out the occurrence of
component reconnection near the subsolar point northward
of Geotail, although it is not shown in Fig.4. Although the
most likely reconnection site is the dusk high-latitude mag-
netopause, component reconnection near the subsolar point
is possible since the IMFBy is comparable toBz (cf. Moore
et al., 2002).

The signatures of energetic oxygen ion escape via recon-
nection northward of Geotail were simultaneously observed
at ∼11:44–11:45 UT: (1) the energetic oxygen ion outflow
in Fig. 3, (2) the reversal ofVy across the magnetopause in
Fig. 2, which suggests magnetic reconnection (cf. Gosling et
al., 1990), and (3)accelerated ions in Fig.7, which suggests
that the magnetosheath field reconnected with the closed field
lines. Similar features are found in other periods, although
simultaneous observation is not obtained due to a poor coin-
cidence with the DMSP observation. The Walén analysis for
12:07:37–12:09:25 UT further evidenced the occurrence of
reconnection duskward and northward of Geotail. The Walén
test for 11:43–11:44 UT does not clearly show the evidence
of reconnection; it may suggest that the magnetopause was
not a rotational discontinuity at the Geotail location during
that time interval. However, the above observations (reversal
of Vy and precipitation at the low altitude) show the occur-
rence of magnetic reconnection at∼11:44 UT somewhere on
the magnetopause equatorward of the northern cusp. Oxygen
ion detection at 11:44 UT despite such a location (i.e. locally
not being a reconnection site) is probably due to a large Lar-
mor radius, as discussed below.

In Fig. 3, the oxygen flux is more intense in the direction
of PA>90◦. This anisotropy is consistent with the escape
along reconnected field lines generated at the reconnection
site northward of Geotail. High-energy oxygen ions were ob-
served for a much longer time period (after 12:20 UT), com-

pared to high-energy protons, probably due to their larger
gyroradii; particles with larger gyroradii have a higher proba-
bility of being observed if a spacecraft is at a certain distance
from the reconnected flux tube.

Outside the magnetopause boundary layer (∼11:44 UT,
12:01–12:06 UT, and 12:19–12:22 UT), the strongest
anisotropy of energetic ions was observed. These do not
appear to be the ions leaked across the low-latitude mag-
netopause via the FLR effects, since the leakage due to the
FLR cannot explain the observed anisotropy. In addition,
the fluxes at PA∼150◦ are much more intense than those at
PA∼100◦ for some flows. Thus, we conclude that the escape
through magnetic reconnection during the northward IMF is
dominant on the dayside in this event, although we do not
rule out the significance of the leakage via the FLR effects
on the duskside.

5.2 Small slope of the Walén test

It is interesting to note the relatively small slope (∼0.57)
in the Waĺen analysis (see Fig.5). If the plasma pres-
sure in the magnetosheath is isotropic and all ions are pro-
tons, the slope should be unity. One possibility of the
small slope is anisotropy of the pressure (P‖−P⊥ 6=0), since
the predicted velocity is modified by being multiplied by√

1−µ0(P‖−P⊥)/B2, whereB is the magnetic field strength
(cf. Sonnerup et al., 1995). The order of anisotropy can be
estimated as

(P‖ − P⊥)/B2
∼ P/B2, (1)

whereP is the pressure for an isotropic plasma. It is cal-
culated by usingn=5 cc−1, T =0.5 keV, andB=100 nT
(12:07–12:09 UT, see Fig.2) to obtainµ0P/B2

∼0.03�1,

and thus
√

1−µ0(P‖−P⊥)/B2∼1. Therefore, the anisotropy
cannot explain the small slope in Fig.5. It should be noted,
however, that such a smallµ0P/B2 (small plasma beta) can
have a significant influence on the reconnection occurrence
(Paschmann et al., 1986, and references therein).

Another possible explanation of the small slope is the ex-
istence of thermal oxygen ions; the above Alfvén velocity
was calculated with the assumption that all ions were pro-
tons, hence it tends to be overestimated. If we assume that
oxygen ions contribute to 15% of total number density, the
slope is modified to 0.98. Although the frequency of plasma
oscillation (not shown here) suggests that the plasma den-
sity used for the calculation of Alfv́en velocity (obtained by
LEP) is slightly underestimated, the above value (oxygen ion
contribution of 15%) is reduced only by a factor of∼2–3.

5.3 Outflow rates and the contribution toDst recovery

Finally, we estimate the oxygen ion outflow rate and its pos-
sible effect on theDst recovery (the results are summarised
in Table1).
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Table 1. Summary of Oxygen ion loss rate and the effect onDst

(normalised by the unit escape area of 1RE
2).

Number flux Escape rate (dDst/dt)o.e.

(particles/s/RE
2) (nT/day/RE

2)

F (187–3565 keV) 3×1021 0.04
F ′ (calculated from moments) 6×1023 11

The outflow rateλ can be calculated by the equation

λ =

∫
dE

∫
d�

∫
J · dS, (2)

whereJ indicates the differential number flux of oxygen ions
(as a function of the energy and pitch angle in the unit of
cm−2 sr−1 s−1 keV−1),

∫
dS means the integral over the area

in which reconnected field lines are present. The direction of
the vectordS is anti-parallel to the magnetosheath field lines
in front of the magnetopause.E and� indicate energy and
solid angle, respectively. We assume homogeneity ofJ over
the integrated area to obtain∫

d�

∫
J · dS ∼ 2πS

∫
sinα cosα J (α, E)dα, (3)

whereα is the pitch angle. We project the areaS along the
magnetic field onto the magnetopause to obtainS=S′ cosχ ,
whereS′ means the projected area andχ indicates the an-
gle between the magnetic field and the vector normal to the
magnetopause. Then, we obtain

λ ∼ 2πS′ cosχ
∫

dα sinα cosα
∫

J (α, E)dE. (4)

We integrateJ over the observed pitch angle and the mea-
surement energy range (187–3565 keV) to obtain

F ≡ 2π

∫
dα sinα cosα

∫
J (α, E)dE (5)

∼ 6 × 104 cm−2 s−1. (6)

In order to discuss the order ofλ, let us roughly assume
cosχ∼0.1 andS′

∼1RE
2. Then we obtainλ∼3×1021 s−1.

This value is much smaller than the oxygen ion loss rates
across the magnetopause estimated by Seki et al. (2001) and
Zong et al. (2001):∼1023 to 1024 s−1 (the former and the
latter assumed the open areas of∼30RE

2 and 5RE
2, respec-

tively). However, our integration is limited to the high ener-
gies (>180 keV), hence the estimation is rather low. Instead,
if we use the obtained momentsn∼2 cc−1 as total density
of oxygen ions and protons in the magnetosphere (11:20–
11:29 UT), the number density ratio O+/H+ of 0.15, and
v‖∼500 km/s, we acquire the number flux of

F ′
≡ nv‖ (7)

∼ 1.5 × 107 cm−2 s−1. (8)

Then the loss rate is much larger:λ∼6×1023 s−1 (again we
assumedS′

∼1RE
2, cosχ∼0.1).

Since Seki et al. (2001) calculated the net escape of oxy-
gen ions from the terrestrial magnetosphere as∼5×1024 s−1,
the escape of the oxygen ions through magnetopause recon-
nection under northward IMF is possibly significant for the
terrestrial atmospheric evolution, especially if the reconnec-
tion area is larger than a fewRE

2.
Let us now discuss theDst recovery. Note that the

observed Sym-H recovery, during the interval from 11:20
to 13:00 UT, is 19 nT, and hence the recovery rate is
∼274 nT/day. In order to estimate the influence of the en-
ergetic oxygen outflow on theDst (Sym-H ) recovery, we
use the Dessler-Parker-Sckopke relation (Dessler and Parker,
1959; Sckopke, 1966):

1Bz

Bs

= −
2E

3EM

, (9)

where1Bz and Bs are the variation of the magnetic field
at the centre of the Earth caused by the ring current, and
the magnetic field intensity at the surface of the Earth, re-
spectively. E andEM are the ring current total energy and
the magnetic energy of the Earth, respectively. By using
Bs∼3×104 nT andEM∼5×1033 keV for the Earth, we ob-
tain

1Bz ∼ −4 × 10−30E, (10)

where1Bz andE are in the units of nT and keV, respec-
tively. Then we differentiate the above equation with respect
to time, to obtain

d1Bz

dt
∼ −4 × 10−30dE

dt
. (11)

From the above equation, the influence of the oxygen ion
escape on theDst recovery can be estimated as:(

dDst

dt

)
o.e.

∼ 4 × 10−30E0λ, (12)

where (dDst/dt)o.e. denotes the contribution of the oxy-
gen ion escape to theDst recovery, andE0 is the
characteristic energy of the ring current oxygen ions
(∼50 keV). If we useλ integrated above∼180 keV, we ob-
tain (dDst/dt)o.e.∼0.04 nT/day, which is rather negligible.
If, instead, we takeλ∼6×1023 s−1, the recovery rate is
(dDst/dt)o.e.∼11 nT/day. Note that the calculated value is
for the unit open area (1RE

2). If the area of the ion escape is
larger, e.g. 20RE

2, the recovery rate is as high as 220 nT/day,
and this loss process can contribute to the totalDst recovery
significantly.

The above results are summarised in Table1. Note that the
loss rates and(dDst/dt)o.e. are normalised by the unit open
area (i.e. 1RE

2) on the magnetopause.
More accurate estimation of the escape rate and the con-

tribution to theDst recovery requires the determination of
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the open area by a constellation of low-altitude satellites
and/or ground observations, and the determination of reli-
able particle flux by measurements of medium-energy ions
(10–200 keV/q) around the magnetopause in future missions
(e.g. Kasahara et al., 2008).

6 Summary

We examined the dayside magnetopause skimming by Geo-
tail around the equatorial plane, during a storm recovery
phase on 15 May 2005. We focused on the time period
from 11:20 UT to 13:00 UT, in which Geotail observed high-
energy (>180 keV) oxygen ions escaping antiparallel to the
magnetic field in the near-equatorial magnetosheath. In this
time period, the IMF was constantly northward and the mag-
netic reconnection occurrence northward and duskward of
Geotail is indicated by the Walén analysis and the ion bulk
flows in the boundary layer. Low-energy (∼keV) particle
precipitation in the polar cap observed by DMSP indicates
that the closed magnetic field reconnected with the north-
ward IMF. Thus, we conclude that the source of the observed
oxygen ions is the ring current. This result suggests a new
route for oxygen ion escape during northward IMF periods.
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