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Abstract. At approximately 08:25 UT on 5 April 2010, a
CME-driven shock compressed Earth’s magnetosphere and
applied about 15 nT of southward IMF for nearly an hour.
A substorm growth phase and localized dipolarization at
08:47 UT were followed by large dipolarizations at 09:03 UT
and 09:08 UT, observed by GOES West (11) in the mid-
night sector, and by three THEMIS spacecraft nearX = −11,
Y = −2RE. A large electric field at the THEMIS space-
craft indicates so much flux transfer to the inner magne-
tosphere that “overdipolarization” took place at GOES 11.
This transfer is consistent with the ground and space mag-
netic signature of the substorm current wedge. Significant
particle injections were also observed. The ensemble of ex-
treme geophysical conditions, never previously observed, is
consistent with the Near-Earth Neutral Line interpretation
of substorms, and subjected the Galaxy 15 geosynchronous
satellite to space weather conditions which appear to have
induced a major operational anomaly.

Keywords. Magnetospheric physics (Electric fields; Mag-
netotail; Storms and substorms)

1 Introduction

The shock associated with the coronal mass ejection of 3
April 2010 (described in detail byMöstl et al., 2010) arrived
at Earth at approximately 08:25 UT on 5 April 2010. The
THEMIS A, D, and E spacecraft, with comprehensive instru-
ment suites (Burch and Angelopoulos, 2009), were near each
other in the northern plasma sheet in the early morning sector
(Fig. 1), and GOES 11 was near magnetic midnight at 225.5◦

geographic longitude. The Galaxy-15 geosynchronous com-
munications satellite was at longitude 227.03◦ (ucsusa.org
database; updated 1 April 2010), very near GOES 11, and in
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eclipse until approximately 09:20 UT, with anomalies lead-
ing to loss of control reported 28 min later (Allen, 2010).

Geotail being near the Earth-Sun line at a distance of
14.7RE, only approximately 100 s were required to translate
its solar wind observations to the magnetopause (Fig. 1c).
The magnetic field behind the shock was initially slightly
northward, butBZ quickly turned to about−13 nT. Increase
of plasma density from about 4 to over 10 ions/cc, and of
speed from about 550 to 700 km s−1, led to a dynamic pres-
sure increase from about 2 nPa to 10 nPa, and compression
of the magnetosphere. After increasing, the total pressure
remained relatively steady. Due to short duration of south-
ward IMF, the resulting storm was of low intensity (Möstl
et al., 2010). However, the strong southward field and high
dynamic pressure in the sheath immediately following the
ICME shock led to impressive short-term effects as described
here.

2 Compression

Magnetic signals at GOES 11 and THEMIS A are shown in
Fig. 1. Compression began with the arrival of the shock at
08:25 UT. The field began to stretch immediately at shock
arrival, as indicated by an increase inBX and a decrease
in BZ. At 08:47 UT, the field at GOES dipolarized, the
typical signature of a substorm in this region, but not ac-
companied by major field changes at−11RE. After this
small substorm, not discussed in detail here, the stretching
at GOES resumed, withBX attaining its previous highly
stretched value of 100 nT before beginning to dipolarize at
09:02 UT. At 09:03 UT, dipolarization began at THEMIS A,
with initial decrease in GSMBX from 65 to about 50 nT, re-
covery to over 65 nT, and decrease to below 20 nT just after
09:08 UT. An increase inBZ, change inBY , and more vari-
ability in the field suggest entry to the PSBL at the initiation
of dipolarization. GOES 11 dipolarization had a decrease in
BX from 90 nT to 10 nT between 09:01 UT and 09:13 UT and
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Fig. 1. Spacecraft positions and data on 5 April 2010.(a) GSE XY
spacecraft positions at 08:36 UT. Magnetosheath and solar wind B
roughly indicated by grey shading.(b) As in (a), in GSE XZ coordi-
nates.(c) Geotail solar wind values (100 s delay) of GSMBZ in nT
(blue), dynamic pressureP in nPa (red), and proton density in cm3

(green).(d) GOES 11 magnetic field. “Overdipolarization” of the
BZ component above usual geosynchronous values lasts from 09:10
to 09:35 UT.(e)THEMIS A magnetic field in GSM coordinates.

BZ that “overdipolarized” (a behavior earlier noted byAka-
sofu, 2003), attaining values of over 140 nT. Despite little
change in solar wind dynamic pressure, and continued large
negative IMFBZ, which persisted until northward turning at
roughly 09:30 UT, tail stretching did not resume in the period
following the overdipolarization.

3 Onsets

The two step 09:03/09:08 UT dipolarization described above
may be described in two complementary ways. Ground and
space magnetic fields may be attributed to the electric cur-
rents of a substorm current wedge or SCW (McPherron et al.,
1973). The increase in magnetic field in the inner magneto-
sphere can also be viewed as a result of flux transfer from the
more distant tail. As highly conductive plasma moves in the
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Fig. 2. THEMIS A quantities.(a) Ion density.(b) E×B velocity
assumingE ·B = 0. (c) GSM magnetic field.(d) GSM electric field
with EZ derived fromE ·B = 0.

observed magnetic field, an electric field is observed in the
spacecraft (rest) frame. The magnetic field “frozen in” to the
plasma is transported with it. The perpendicular electric field
measures the flux transfer rate.

3.1 Electric field observations

The THEMIS spacecraft are well equipped for measurement
of electric fields near the plane of the ecliptic, with spin-
ning 50 and 40 m baselines, and less so perpendicular to it,
with only a 6.9 m baseline along the spin axis (Bonnell et al.,
2008). We have used the spin-plane measurements with off-
sets negligible compared to the size of the signal, and de-
termined the axial signal (roughly GSMEZ) from them by
requiring thatE ·B = 0. Dipolarization started at THEMIS
at 09:03 UT, but large electric fields were observed only dur-
ing the two minute time interval 09:07 to 09:09 UT shown in
Fig. 2. The large decrease inBX at 09:08:10 corresponded to
recovery of the plasma sheet over the spacecraft. Two large
EY spikes were observed then, which based on other data we
conclude to be real but do not discuss further here. It was
bracketed by pulses of large electric field from 09:07:40 to
09:08:00, and from 09:08:10 to 09:08:25. These both had
negativeEZ components, at times exceeding 90 mV m−1 in
magnitude. The initial pulse had a positiveEY of comparable
magnitude, while the second hadEX of about +30 mV m−1.
These, and the magnetic field geometry, are consistent with
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Fig. 3. Schematic based onWygant et al.(2005) showing the region
tailward of −10RE. Electric fields are indicated in blue, plasma
flows in red, and magnetic fields in black. The rough position of the
THEMIS spacecraft is indicated. In keeping with the original dia-
gram, only the in-plane fluid velocity is shown. It may be inferred
from E×B thatV has a significant out-of-page component.

observations of large perpendicular electric fields byWygant
et al.(2005), if THEMIS was situated earthward of the recon-
nection X-line and near the plasma sheet boundary as shown
in Fig. 3. Using the frozen-in condition, the plasma velocity
of v = E×B/B2, shown in Fig. 2, with its downward and
Earthward components, is also consistent with this picture.
There is also a large−Y velocity component. The 1000 to
2000 km s−1 magnitudes of any of these components are 5
to 10 times those of typical substorms. The Y velocity com-
ponent, not commented on byWygant et al.(2005), is con-
sistent with MHD requirements, applicable as we infer that
THEMIS was relatively far from the X-line. In Fig. 3 it is
clear that the direction ofE×B would be along−Y (out
of the page) at all points whereB is nonzero, but for clarity
this is not shown. The−Y velocity component is consis-
tent with expansion (H. Singer, personal communication) of
the center of activity toward the east, and with the location
of the THEMIS spacecraft in the morning sector. However,
we will assume that most flux transfer took place in the mid-
night sector, explaining the overdipolarization at GOES 11,
and concentrate on the large positive X velocity component
bringing flux Earthward.

We may roughly approximate the two pulses of Earth-
ward flow near 09:08 UT as having an average speedvX ∼

500 km s−1, lasting1t ∼ 30 s (about 2.5RE of passing flow),
and with an averageBZ ∼ 25 nT. If we consider that we are
near the edge of a flow about1Y ∼ 3RE wide, that flow
would carryvX1tBZ1Y ∼ 7.5R2

E ×25 nT∼ 7 MWb in the
interval when THEMIS A could sense the flow. The total
flux transported during the event would be much larger. The
cited width is fromAngelopoulos et al.(1994), who also
give about 2.5 MWb as typical flux transport from a single
bursty bulk flow, much less than that transported in an entire
substorm. The actual width is not important; rather conver-
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Fig. 4. Ground indices. Provisional and THEMIS AL indices (left
scale), and the cross-meridian current in Alaska in MA (right scale).
Vertical bars indicate the times of the shock arrival (leftmost) and
the three substorm onsets described in the text.

gence of flow and compression in moving toward the inner
magnetosphere is. The width decreasing by a factor near 2,
with a similar lengthwise compression in slowing down near
geosynchronous orbit, could produce up to 100 nT of addi-
tional magnetic field there. The observed overdipolarization
to 140 nT, 60 nT beyond a typical nightside 80 nT, is readily
explained by flux transport based on observed electric and
magnetic fields. However, this field enhancement can only be
maintained by a strong flow from the tail, of dynamic pres-
sure comparable to that of the solar wind on the front side, i.e.
about 8 nPa. This flow must persist about 20 min. As shown
in Fig. 1d, after initial dipolarization at GOES 11 back to
the typical 80 nT value by 09:09 UT, overdipolarization fol-
lowed the flux transfer, the correct temporal relationship. The
20-min overdipolarization requires the flow to last 40 times
longer than the observed flow burst at THEMIS A. Thus the
transferred flux was probably about 300 MWb. This is about
1/3 of the flux stored in the tail, but it was actively replen-
ished by dayside reconnection, so the net reduction was less.
At 09:30 UT, consistent with the overdipolarization relaxing
at that time, the flow probably ceased. We now further show
that overdipolarization is consistent with the current flowing
in the SCW at this time.

3.2 Ground observations

Figure 4 shows the THEMIS AL index (Angelopoulos et al.,
2009), from a relatively dense network of North American
stations, the provisional AL index, derived from fewer and
more sparsely distributed stations, and the cross-meridan cur-
rent derived from the magnetometer chain of the Univer-
sity of Alaska, inverted using an automated process based
on models ofKisabeth and Rostoker(1977). Inversion was
checked by comparison with the original magnetograms,
which it represents well. This third indicator of auroral cur-
rents has the current magnitude plotted on a scale facilitating
comparison to the AL indices.

After responding to the compression, but not much to the
initial onset at 08:47 UT, all three indices showed the 09:03
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and 09:08 UT onsets. The THEMIS AL index had a stronger
response to the first of these, likely due to the auroral elec-
trojets having moved equatorward into a region where it has
dense coverage. The 09:08 UT onset, for which we consider
flux transfer, was responded to with a short time delay by
THEMIS AL and by the inversion results, while standard
AL responded less, and later. We attribute this to the sparse
station coverage by this index. From midlatitude station Y
(eastward) component ground perturbations (not shown), we
infer that downward field-aligned currents (FAC) of the SCW
were east of Alaska and the meridian of GOES 11 after the
09:08 UT onset, and that the upward currents were over Asia.
This is consistent with the strongest westward electrojet sig-
nature (from the SCW ionospheric closure current) at this
time being in Alaska. The SCW current was of maximum
total strength about 3 MA as inferred from inversion. Much
as an AL of−2000 is much larger in magnitude than is typi-
cal of substorms, this current is very large for the SCW. The
northward perturbation at GOES 11 that would result if 3 MA
of current followed the field lines of a maximally stretched
Tsyganenko 89 model, with FAC longitudes in western North
America and Asia, is 40 nT. This is comparable to the ob-
served amount of overdipolarization observed at GOES 11,
beyond normal values at GEO.

4 Conclusions

The space weather event of 5 April 2010 arose from the
sheath of a CME impacting Earth, significantly enhanc-
ing an already southward IMF. After the shock, a growth
phase ensued which was not much diminished by a first sub-
storm onset at 08:47 UT. A larger double onset took place at
09:03/09:08 UT, in the latter of which significant Earthward
flux transfer took place as suggested by electric fields ob-
served at THEMIS. The field changes at THEMIS are con-
sistent with its position relative to the X-line, and we note
large transverse fields consistent with those observed (likely
closer to the X-line) byWygant et al.(2005). We note that
the geometry implies large−Y flow velocities, which were
observed. The Earthward component of flux transfer man-
ifested in the inner magnetosphere as “overdipolarization”
signatures at GOES 11 in the midnight sector. These in
turn are consistent with the current determined to flow in the
SCW as deduced quantitatively from electrojet signatures in
Alaska. Space does not permit description of particle data in-
dicating an injection of both protons and electrons of a mag-
nitude consistent with the abnormally large field signatures
we have described.Allen (2010) indicates that Galaxy 15
was in a vulnerable near-midnight position during a period
with extreme AE values at the time of failure (09:48 UT). We
have documented in-situ field data that is similarly extreme,
along with verification of the magnitude of the SCW current
that is causative of AE. In the matter of the Galaxy 15 fail-
ure, we cannot specify a direct cause, but note that unusually

active conditions had prevailed for more than an hour before
it. It indeed seems likely these unsettled conditions were a
factor in the Galaxy 15 anomaly.
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