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Abstract

We report the propagation of substorm-associated magnetic fluctuations by multipoint magnetic observations from
ground and space in the same meridional plane. The first Quasi-Zenith Satellite (QZS-1), which has a unique orbit

of quasi-zenith orbit with an inclination of 41°, an apogee of 7.1 Rr radial distance, and an orbital period of 24 h, can
stay for a long time in the near-earth magnetotail away from the magnetic equator. We examined a substorm event
during 15:00-16:00 UT on July 09, 2013 when QZS-1 was located at 31° dipole latitude and 23.5 h dipole magnetic
local time. The Engineering Test Satellite VIII (ETS-VIII), Time History of Events and Macroscale Interactions during
Substorms D (THEMIS-D) at a radial distance of ~ 10 Rg, and THEMIS-E at a radial distance of ~ 7 R were located near
the equator in the similar magnetic meridian. The dipolarization was first observed at THEMIS-D at 15:14:30 UT. Then,
~ Tmin later, magnetic fluctuations were observed by ETS-VIIl and THEMIS-E. At the same time, the magnetic bay and
Pi2 pulsation were observed at low-latitude magnetic observatories and the Radiation Belt Storm Probes B satellite in
the inner magnetosphere. We found that QZS-1 away from the equator observed a strong azimuthal magnetic field
fluctuation with a long delay of 15 min from the first dipolarization at THEMIS-D near the equator. The speed of the
poleward propagating magnetic fluctuation between the ionospheric footprints is calculated to be 310 [m/s], which
is consistent with a typical speed of auroral poleward expansion. A similar time delay of the onset of the negative
bay was observed between the Tixie (AACGM MLAT = 66.8°) and Kotelny (AACGM MLAT = 71.0°) observatories near
the ionospheric footprint of satellites. We suggest that the long delay time of the magnetic fluctuation at QZS-1 was
associated with the crossing of field-aligned current during the poleward expansion of the substorm current system.
The distribution of azimuthal magnetic field variations in the magnetosphere indicates that the east side downward
current extended more west side in the higher latitude part of the current wedge.

Keywords: Substorm expansion phase, Evolution of substorm current system, Dipolarization, Latitudinal propagation
in the magnetosphere, Quasi-zenith orbit

Introduction of substorm current systems. In the auroral zone, the
The magnetic fluctuations associated with the substorm  westward electrojet drives the negative magnetic bay,
expansion phase reflects the structure and development ~ Which is a rapid decrease in the north—-south magnetic
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increase in the magnetic field being aligned with the
magnetic dipole axis, the so-called magnetic dipolari-
zation (e.g., Cummings et al. 1968). The dipolarization
magnetic signature corresponds to the disruption of the
westward cross-tail currents (Lui 1996). The deflection
of the east—west magnetic field is also observed with the
dipolarization, which is consistent with the development
of the upward and downward FACs farther than the geo-
synchronous altitude (Nagai 1982). The current system,
which is well known as the substorm current wedge, con-
sists of the westward electrojet in the ionosphere, upward
and downward FACs, and its magnetospheric closure
(see a review by Kepko et al. 2015).

The propagation of such magnetic fluctuations is
important for understanding the evolution of the sub-
storm current system. It is known that the negative bay
propagates poleward during the expansion phase, indicat-
ing the poleward motion of the westward electrojet in the
ionosphere (e.g., Akasofu 1960). On the other hand, in the
magnetosphere, dipolarizations show both earthward and
tailward propagations in the radial distance range of 4—30
R (Jacquey et al. 1991; Ohtani et al. 1992; Jacquey et al.
1993; Ohtani et al. 1998; Baumjohann et al. 1999; Liou
et al. 2002; Ohtani et al. 2018). The observations around
the geosynchronous altitude have been limited in the near
equator below 20° magnetic latitude, and the latitudinal
distribution of magnetic fluctuations has not been well
understood. Also, it is not clear whether the propaga-
tion of the dipolarization is associated with the poleward
motion of the westward electrojet because these previ-
ous studies were not included the simultaneous magnetic
observations at the conjugate point on the ground.

The FAC distribution in the ionosphere and its temporal
evolution during substorms have been extensively studied
by ground-based magnetometers and low-altitude satel-
lites (e.g., lijima and Potemra 1976; Kamide et al. 1996;
Gjerloev and Hoffman 2002). The FAC evolution in the
magnetosphere during substorms is not well understood,
in particular, in the high-latitude part of the FAC. The sub-
storm current system in the ionosphere during the expan-
sion phase can reach the poleward boundary of the auroral
oval, which may connect to the distant tail. However, it is
difficult to examine the magnetospheric part of the current
system using low-inclination satellites, because the trace of
the magnetic field from the distant tail to the ionosphere
can cause a large error in estimating the footprint location,
and there are rare opportunities of conjunction observa-
tions with a satellite in the distant tail.

In this study, we examine the propagation of magnetic
fluctuations in the near-earth magnetotail in the same
meridional plane and its relation to ground magnetic
phenomena. The main advantage of this study is simul-
taneous observations by near-equatorial satellites and the
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first Quasi-Zenith Satellite (QZS-1) away from the mag-
netic equator. Since QZS-1 stays in the specific longitude
around Japan, the geosynchronous satellite ETS-VIII and
the ground magnetometer in Kotelny Island near the
ionospheric footprint of QZS-1 are always located in the
close magnetic local time. We analyze a substorm event
on July 9, 2013 during 15:00-16:00 UT when QZS-1 was
located at 31° dipole magnetic latitude (MLAT) and 23.5
h dipole magnetic local time (MLT), the Radiation Belt
Storm Probe B (RBSP-B) satellite was located inside the
geosynchronous altitude, and Time History of Events and
Macroscale Interactions during Substorms D (THEMIS-
D) and THEMIS-E were located outside the geosynchro-
nous altitude in the similar MLT of QZS-1.

Data set

Figure 1 shows the positions of satellites and ground
observatories. The QZS-1 satellite, also called the
Michibiki-1 satellite, has a quasi-zenith orbit with a peri-
gee of 6.0 R radial distance, an apogee of 7.1 Rg radial
distance, and an inclination of 41° (Ishijima et al. 2009).
The QZS-1 satellite has two fluxgate magnetometers
(MAM-S1 and MAM-S2) with a sampling rate of 1 s for
monitoring the space environment (Furuhata et al. 2012).
We used MAM-S2 data because the noise level was
smaller than MAM-S1 data during the analyzed period.
To observe the magnetic fluctuations near the magnetic
equator, we used the magnetic data from MAM onboard
the Engineering Test Satellite VIII (ETS-VII) (Koga
and Obara 2009) with a time resolution of 0.5 s, FGMs
onboard THEMIS-D and THEMIS-E satellites with a
time resolution of 3 s (spin resolution) (Angelopoulos
et al. 2009), and EMFISIS onboard the RBSP-B satellite
with a time resolution of 4 s (Kletzing et al. 2013). The
offset value of QZS-1 and ETS-VIII was modified by add-
ing constant values to the magnetic field data in each
satellite coordinate. We used the same offset value of
ETS-VIII estimated by the method of Nosé et al. (2014).
The offset value of QZS-1 was estimated by the same
method. All satellite magnetic data are transformed into
the VDH coordinate system: the H axis is antiparallel to
the terrestrial magnetic dipole, the V axis points radi-
ally outward and is parallel to the dipole equator, and D
completes a right-handed orthogonal system and points
eastward. The residual magnetic field data (AV, AD, and
AH) were obtained by subtracting the Tsyganenko 89
model field (Tsyganenko 1989) during quiet conditions
(K, =0) from observed data. ETS-VIII, THEMIS-D,
THEMIS-E, and RBSP-B were located in the southern
hemisphere with respect to the magnetic equator of the
Tsyganenko 96 model field. A positive value of the V
component (not shown here) also supports that these
satellites were located in the southern hemisphere.
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Fig. 1 Positions of satellites in GSM coordinates in a the X-Y plane
and b the meridional plane during 15:00-16:00 UT on July 9, 2013.
The magnetic field line is estimated by the Tsyganenko 96 model
at 15:15 UT, and the green dot is the magnetic equator on the field
line. ¢ Positions of ionospheric footprints of satellites and ground
magnetic observatories during 15:00-16:00 UT on July 9, 2013.The
jonospheric footprints are estimated by the Tsyganenko 96 model
with fixed parameter obtained from solar wind data and SYM-H
index at 15:15 UT. The grids show AACGM geomagnetic latitude and
magnetic local time. The local time grids are calculated at 15:15 UT
and spaced by an hour
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We used the ground magnetic data from observato-
ries of MAGnetic Data Acquisition System/Circum-pan
Pacific Magnetometer Network (MAGDAS/CPMN)
(Yumoto 2006, 2007). The information on the magnetic
observatories is listed in Table 1. We used the high-lati-
tude ground magnetic data from KTN near the footprint
of QZS-1, TIK near the footprint of THEMIS-E, and
CHD near the footprint of ETS-VIII as shown in Fig. 1c.
The low-latitude magnetic field data from ASB and EWA
were also used to see the magnetic bay: the integrated
magnetic signature of the high-latitude FAC system (the
positions are not shown in the figure).

Observations

Figure 2a—g shows magnetic field data from satellites equal
to or farther than the geosynchronous altitude and high-
latitude ground observatories. Figure 2h shows altitude-
adjusted corrected geomagnetic (AACGM) coordinates
(Baker and Wing 1989) magnetic latitude of footprints
and ground observatories at 100 km in altitude as a refer-
ence. The magnetic field variation was first observed at
THEMIS-D at ~ 15:14:30 UT (Fig. 2c). The AH compo-
nent increased, and the AV component decreased, which
are a typical signature of the magnetic dipolarization in the
southern hemisphere, with superimposed oscillations. The
AD component initially shows a small negative deflection
and then a large positive deflection. About 1 min later, ETS-
VIII and THEMIS-E observed a strong negative excursion
of AD (Fig. 2a, b). This indicates the magnetic fluctuation
propagated earthward in the region of 6.6—10 R near the
magnetic equator. ETS-VIII observed the high-frequency
bursts in AH and AV components of ETS-VIII at 15:17:30
and 15:24:30 UT. These high-frequency bursts at the sub-
storm onset have been considered to be a drift-driven elec-
tromagnetic ion cyclotron wave (e.g., Lui et al. 2008), but are
not discussed in this paper. The QZS-1 satellite away from
the magnetic equator observed a strong negative excursion
of the AD component at 15:29:30 UT (Fig. 2d) with a long
delay of ~ 15 min from the first variation at THEMIS-D. A
small positive A V' excursion at QZS-1 may indicate field line
dipolarization in the northern hemisphere. The time delay
indicates that the magnetic fluctuation propagated tailward
(or poleward) between THEMIS-D and QZS-1. The nega-
tive bay, which is an indicator of the ionospheric westward
electrojet, shows a similar delay between the stations near
the footprint of the satellites. The negative bay observed at
CHD and TIK started at~ 15 : 15 : 00 UT, almost the same
timing at satellites near the magnetic equator (Fig. 2e, f). On
the other hand, KTN near the footprint of QZS-1 observed
a negative bay at 15:28:00 UT, which is close to but slightly
earlier than the onset at QZS-1 (Fig. 2g). The ground obser-
vation near the footprint indicated that the poleward expan-
sion of the westward electrojet was consistent with the
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Table 1 The information on magnetic observatories
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Station name Station code Geographic Geographic Geomagnetic Geomagnetic
Latitude Longitude Latitude Longitude

Kotelny KTN 7594 137.7 71.04 202.69

Tixie TIK 71.58 128.90 66.78 198.52

Chokurdakh CHD 70.62 147.89 65.80 213.96

Ashibetsu ASB 4346 142.17 37.25 214.78

Ewa beach EWA 2132 202.00 21.96 270.89

Geomagnetic latitude and longitude at 100 km above the observatories are defined by altitude-adjusted corrected geomagnetic (AACGM) coordinates (Baker and

Wing 1989)

tailward propagation of magnetic fluctuations in the magne-
tosphere. Note that THEMIS-D and THEMIS-E observed
the dipolarization signature again just before the electrojet
reaches KTN. This may be related to the initiation of the
poleward leap of the substorm current system (e.g., Wiens
and Rostoker 1975; Hones 1985).

Figure 3 shows magnetic field data from RBSP-B and low-
latitude ground observatories. Positive or negative excur-
sions started almost simultaneously with the onset time at
ETS-VIII shown by a vertical bar (~ 15 : 15: 30 UT). Pi2
oscillations with a period of few minutes occurred during
15:16-15:33 UT at both ground stations and RBSP-B. RBSP-
B shows increases in AH and AD like a dipolarization, but
their amplitude is much smaller than those observed further
than the geosynchronous altitude. ASB observed a positive
excursion of AD, indicating that the observatory was located
on the western side of the current wedge. EWA observed
the positive bay in AH. The AD component stays relatively
at a constant level after the positive bay onset although the
AD trend increases before the AH positive bay onset. Thus,
the center of the large-scale current wedge was located in
the postmidnight sector near the meridian at EWA

Discussion

In this section, we discuss the configuration and development
of the current system during the substorm expansion phase
starting at 15:15 UT on July 9, 2013. Figure 4a shows a pos-
sible distribution of FACs on the ionosphere deduced from
the satellite observations. Since it is reasonable to assume
the FAC is symmetric with respect to the magnetic equator,
the azimuthal magnetic variation is probably opposite with
respect to the magnetic equator. The azimuthal component
of magnetic field variations observed in the southern hemi-
sphere is reversely translated to the northern hemisphere
and is shown as dotted green arrows. Based on the ground
magnetic data at low latitudes, the MLT at QZS-1 was on the
western side of the current wedge where magnetic effects
of the upward FAC are dominant. If a single upward cur-
rent sheet moving poleward passed through QZS-1, QZS-1
should observe an eastward magnetic field deflection after

the passing, but QZS-1 actually observed a westward deflec-
tion. The westward magnetic field deflection at QZS-1 can
be explained if the downward current in the higher latitude
region extends westward as shown in the FAC in Fig. 4a. In
this case, there are two-layer current sheets at the merid-
ian of QZS-1; the upward current on the equatorward side
and downward current on the poleward side. The magnetic
perturbation outside the current sheets is weak, and a strong
westward magnetic perturbation is created near the bound-
ary between upward and downward currents. THEMIS-D
in the southern hemisphere, which observed the eastward
deflection (corresponding to the westward deflection in the
northern hemisphere), is also considered to be located near
the boundary of the FACs. Such oblique boundary of FACs
during the expansion phase has been shown by magnetic
measurements from the ground magnetometers and low-
altitude satellites (e.g., lijima and Potemra 1976; Kamide et al.
1996). The double-wedge current system proposed by Gjer-
loev and Hoftman (2014) (Figure 8 in the paper); the higher
latitude current wedge is shifted westward, also expects the
same magnetic effect at QZS-1. The azimuthal magnetic
field variations at the satellites in the equatorward side of the
current wedge (ETS-VIII and THEMIS-E) are considered to
be a temporal development of the magnitude of the upward
current. The field lines at THEMIS-D and THEMIS-E were
continued to become more dipole-like until currents reached
to the field line near KTN and QZS-1. This means that the
disrupted westward current and the related FAC at the
THEMIS satellites were still large when the current system
reached KTN and QZS-1. RBSP-B observed the positive D
excursion in the southern hemisphere, which is opposite to
the expected magnetic deflection by the upward FAC. The
downward region-2 sense FAC during the substorm expan-
sion phase (Ohtani et al. 1990) may exist just poleward of
RBSP-B, although there is some ambiguity in the determina-
tion of the hemisphere of the RBSP-B as shown by a small
distance from the magnetic equator of the Tsyganenko 96
model (Fig. 1b).

Although the radial distance of QZS-1 is close to the geo-
synchronous altitude, the onset of the magnetic fluctuation



Imajo et al. Earth, Planets and Space (2020) 72:58

Page 5 of 9

L&
00\?50\)
‘ \Q). .‘.
a 405\\\\\\\\\ L \\\\\\\\\EAH
] CE———— R 3 AD
o 05— e
om - 4 AV
b E }Huuug
DE G M T 3
S g
[ln1] E
‘\\\\\\\\\g
‘\\\\\\\\\g
c
= 3
(IS E
S 3
T @
F o 3
d o ]
§|—|
z'c 3
== ]
— f_o r v
¢ 0 g 1
Na -20- | E
c A0 E e e
T
8= F—— -
%&C”) o 0 T A ,E,\[‘
Oibmm E [N ~ ]
sSa S0¢ < AH
100 .
fose Be————r E
O M = E <
U 3 £
59 Gor E
==@ 3 E
9 0% — g E
™ = E 3
S N I =i W S ;
5@ 3 .
ssa 50 M
h '1(7)8]::::::::}:::::::::}HH:H HHH Kk
— 1 Qzs-1
- _ 70F B
535 @ a =
g2d = ]
L 66 — CHD
64:\\\\\\\\\‘\\\\\\\\\‘\\\\\\\ \‘\\\\\\\\\:ET87V|”
hhmm 1500 1510 1520 1530 1540
2013 Jul 09

THEMIS-D

Fig. 2 Magnetic field data from a ETS-VIIl, b THEMIS-E, ¢ THEMIS-D, d QZS-1, e CHD, f TIK, and g KTN. The satellite magnetic field data are subtracted
by the Tsyganenko 89 model field at K, = 0.The ground magnetic field data are subtracted by values averaged by their values in the plotted
interval. The MLTs are AACGM MLTs at 15:15 UT. (h) AACGM magnetic latitude at 100 km in altitude of ionospheric footprints of satellites and ground

observatories




Imajo et al. Earth, Planets and Space (2020) 72:58
. 1‘E,,\j\\\\
A
< o
o\
AHD
a AD:
0:HTTHHWTTHTTHT(HTT’,\W TTTTT
oz O
b 8 10
g Yy
g0 ;
@ 15F
b -2§E
‘D= gf
=F E
m%cﬁ5 2
ol 2 9
= &
<gHa o
S=0 4
c '§i
2sE 2f 1
<Ng S o e,
e - Ry T Ry
WgSa )
S=o 21 Pi2 pulsations ]
'4 1llll1lllllllllllllllllllllllllllllllll
hhmm 1500 1510 1520 1530 1540
2013 Jul 09

Fig. 3 Magnetic field data from a RBSP-B, b ASB, and ¢ EWA. RBSP-B
magnetic field data are subtracted by the Tsyganenko 89 model field

atK, = 0.The ground magnetic data are subtracted by each average

on their values in the plotted interval. The horizontal bar shows the
period when the Pi2 pulsations occurred

Page 6 of 9

was observed with a large delay of ~ 15 minutes. This delay
is much longer than the radial propagation time around
this altitude near the equatorial plane reported by previ-
ous studies (Liou et al. 2002; Ohtani et al. 1998, 2018).
Our results indicate that the propagation of the magnetic
fluctuation does not only depend on the radial distance,
but also strongly depends on the magnetic latitude (or dis-
tance from the magnetic equatorial plane). We discuss
the delay time from the perspective of the development
of the current system. Figure 4b shows a possible meridi-
onal distribution of FACs near midnight. Based on the
timing consistency between ground magnetometers and
satellites, the FACs were connected from the ionosphere
to at least the position of QZS-1 in the magnetosphere.
The speed of the poleward propagating magnetic fluctua-
tion at the ionospheric altitude of 100 km is calculated to
be (70.5 — 68)[°]/15[min] = 0.167[°/min] = 310[m/s]
by the Tsyganenko 96 model. Akasofu et al. (1966) dem-
onstrated that the most probable range of the speed of the
auroral poleward expansion was 500—-600 (m/s) by analyz-
ing auroral images from a ground-based all-sky imager.
Craven and Frank (1987) demonstrated that average speeds
of poleward motion were ~ 230 (m/s) and ~ 1000 (m/s)
for two substorms under different conditions using auro-
ral images from Dynamic Explorer 1. Although no auroral
images were available in this longitude sector for the ana-
lyzed period, the poleward moving speed of the FAC in the
magnetosphere and the westward electrojet are consistent
with a typical speed of the auroral poleward expansion. Liou
et al. (2002) showed that the dipolarization onset at GOES
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8 geosynchronous satellite occurred at the same time as the
expanding auroral bulge reached the ionospheric footprint
of the satellite located on the lower-latitude side, implying
the connection between the earthward propagating dipo-
larization and the equatorward auroral expansion. On the
other hand, our study shows the connection between tail-
ward (poleward) propagating magnetic fluctuations in the
magnetosphere and the ionospheric electrojet indicated by
the ground magnetometers.

We discuss the corresponding propagation speed
in the equatorial plane. The farthest point of the field
line (equatorial footprint) at 15:15 UT traced from
QZS-1 by the Tsyganenko 96 model is the distant tail
of (Xgsm, Ygsm, Zgsm) = (—116.4, —2.8,4.7)Rg and a
radial distance of 116.5 Rg. It should be noted that there
can be a large error of the tracing position because the
distance of the tracing is very long. Also, the field line
when the FAC reach QZS-1 was probably more dipole-
like, and the actual equatorial footprint expected to be
closer to the earth than the model estimation. The far-
thest point traced from the THEMIS-D is estimated
to be (Xgsm, Yesm, Zgsm) = (—14.9,—3.7,4.3)Rg and
a radial distance of 16.0 Rg. Assuming that the FAC
is along the model field line, the tailward propagat-
ing speed of FAC (or its source) in the magnetic equa-
tor between 16.0 Rg and 116.5 Rg is calculated to be
(116.5 — 16)[Rg]/15[min] = 710 [km/s]. The speed of
the tailward propagation in the equatorial plane is higher
than 150-300 (km/s) at 11-22 Rg estimated by previous
studies (Jacquey et al. 1991; Ohtani et al. 1992; Jacquey
et al. 1993). The propagation speed at further than 15 Rg
estimated by previous studies is not based on the delay
time between two points, but time variations of the poloi-
dal magnetic field. Simultaneous observations of the off-
equatorial near-earth tail and a conjugate location in the
down tail will make it clear where the high-latitude part
of the substorm FACs comes from.

Conclusions
In this study, we examined the distribution of the magnetic
fluctuations during a substorm on July 09, 2013, by simul-
taneous observations near and far away from the equator
in the magnetosphere and conjugate ground observations.
THEMIS-D, THEMIS-E, ETS-VIII, and RBSP-B were
located at radial distances of about 10, 7, 6.6, and 4 Rr near
the equator. QZS-1, which has a unique orbit of the quasi-
zenith orbit, stays near the geosynchronous altitude far away
from the magnetic equator on a timescale of the substorm.
The combination of these satellites enables us to provide the
information on the latitudinal distribution and development
of the substorm current system in the magnetosphere.

The dipolarization first initiated at ~ 10 Rg near the
equator. Then, ~ 1 min later, magnetic variations were
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observed near the geosynchronous orbit. At the same
time, the Pi2 pulsation and magnetic bay were observed
in the inner magnetosphere and ground magnetometers
at low latitudes. These indicate the inward propagation
from 10 Rg in the equatorial plane. We found that a large
excursion of the azimuthal magnetic field was observed at
a radial distance of ~ 7 R radial distance and ~ 30° away
from the magnetic equator with a large delay of ~ 15 min-
utes from the first dipolarization onset near the magnetic
equator. This indicates that the onset of substorm mag-
netic fluctuations in the magnetosphere strongly depends
on the magnetic latitude. Because the motion the fluctua-
tion source across the field line is probably much slower
than associated field-aligned propagating Alfvén waves,
the source motion can be responsible for the onset tim-
ing. The large delay in the magnetosphere is consistent
with the poleward motion (or leap) of the westward elec-
trojet as the negative bay near the ionospheric footprint
of the satellites. The poleward propagation speed of the
magnetic fluctuation between the ionospheric footprints
is consistent with a typical speed of the auroral poleward
expansion. These mean that tailward (poleward) propa-
gating magnetic fluctuations in the magnetosphere are
associated with the ionospheric signature of substorms.

The timing consistency with the ground observations
and the strong azimuthal fluctuation at QZS-1 indicates
that the FAC poleward passed through the satellite. How-
ever, the polarity of the azimuthal magnetic field cannot
be explained by passing of a single upward current sheet
of a current wedge. The distribution of the azimuthal
magnetic field variations in the magnetosphere suggests
that the eastern side downward current extended more
westward at the higher latitude part of the current wedge
(Fig. 4a). Such current system expects that the strong
westward magnetic variation near the boundary between
upward and downward currents in the northern hemi-
sphere as shown by the QZS-1 observation.
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