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Penetration of the convection and overshielding electric fields
to the equatorial ionosphere during a quasiperiodic DP 2
geomagnetic fluctuation event
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[1] The convection electric field penetrates to the equatorial ionosphere with no significant
shielding during DP 2 fluctuation events with periods of 30–60 min (Nishida, 1968) and
even during the main phase of a storm that continues over several hours (Huang et al.,
2007). On the other hand, shielding becomes effective in 20 min during the substorm
growth phase (Somayajulu et al., 1987), and in 1 h during the main phase of a storm
(Kikuchi et al., 2008a). To clarify the relative contributions of the convection and
shielding electric fields at middle to equatorial latitudes, we analyzed an equatorial DP 2
fluctuation event of 30 min duration, using magnetometer data, Super Dual Auroral Radar
Network (SuperDARN) convection maps, and electric potentials calculated with the
comprehensive ring current model (CRCM). The equatorial DP 2 fluctuations were found
to be caused by alternating eastward electrojets (e‐EJ) and westward electrojets (w‐EJ) in
the equatorial ionosphere, which were caused by the southward and northward
interplanetary magnetic field, respectively. Using the SuperDARN convection map, we
further show that the e‐EJ is associated with large‐scale two‐cell convection vortices, while
the w‐EJ accompanies reverse flow vortices equatorward of the two‐cell vortices. With
the aid of the CRCM, we suggest that the reverse flow vortices were associated
with the region 2 field‐aligned currents (R2 FACs) that caused overshielding at the
equator. We think it reasonable that the overshielding electric field could appear at middle
to equatorial latitudes irrespective of the period of fluctuations as the region 1 FACs
decrease their intensity. This scenario well explains both DP 2 fluctuations with periods
of 30–60 min and continuous penetration for several hours during the main phase of
storms.

Citation: Kikuchi, T., Y. Ebihara, K. K. Hashimoto, R. Kataoka, T. Hori, S. Watari, and N. Nishitani (2010), Penetration of the
convection and overshielding electric fields to the equatorial ionosphere during a quasiperiodic DP 2 geomagnetic fluctuation
event, J. Geophys. Res., 115, A05209, doi:10.1029/2008JA013948.

1. Introduction

[2] Quasiperiodic DP 2 magnetic fluctuations with periods
of 30–60 min appear coherently at high latitude and the
dayside geomagnetic equator; they are characterized by twin
current vortices at high latitude and zonal current at the
equator [Nishida et al., 1966]. Nishida [1968] found that the
DP 2 fluctuations were coherent with those in the southward

interplanetary magnetic field (IMF) in such a manner that
the ground magnetic H component increased as the IMF
turned southward and decreased as it turned northward.
Nishida [1968] pointed out that this coherency was observed
even when the IMF Bz was mostly positive. However,
because of large variability of the diurnal magnetic field
variation on disturbed days, it was not determined whether
the decreasing part of the equatorial DP 2 fluctuations was
caused by a westward electrojet (w‐EJ). In fact, the daytime
geomagnetic field was often much lower than the quiet‐time
level [Matsushita and Balsley, 1972; Onwumechilli et al.,
1973; Kikuchi et al., 1996]. Matsushita and Balsley [1972]
suggested that DP 2 fluctuations should be measured as
negative from the quiet‐time level. Kikuchi et al. [1996], on
basis of the high correlation coefficient (0.9) between high‐
latitude and equatorialDP 2 fluctuations, confirmed Nishida’s
scenario that the DP 2 fluctuations should be measured as
positive from the smoothed diurnal variation, which was
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superposed by a negative magnetic deflection, probably due
to the disturbance dynamo [Blanc and Richmond, 1980].
[3] Nishida’s results and subsequent analyses based on

high time‐resolution magnetometer data [Kikuchi et al.,
1996; Kobea et al., 1998] showed no significant shielding
effects during DP 2 fluctuations. Moreover, Huang et al.
[2005], demonstrating that the convection electric field was
observed at the dayside equator during the entire period of
the main phase of a storm, concluded that the shielding did
not work for several hours during the storm main phase.
[4] Although it seems reasonable that the convection

electric field penetrates to the equator for several hours
[Huang et al., 2005], there has been much evidence and
theoretical explanation for the shielding/overshielding elec-
tric field at the equator [Kelley et al., 1979; Gonzales et al.,
1979; Fejer et al., 1979; Kobea et al., 2000; Kikuchi et al.,
2000, 2003; Vasyliunas, 1972; Jaggi and Wolf, 1973;
Southwood, 1977; Senior and Blanc, 1984; Peymirat et al.,
2000]. The shielding electric field is produced by comple-
tion of a current circuit between the ionosphere and the
asymmetric ring current via the region 2 field‐aligned cur-
rent (R2 FAC) [Vasyliunas, 1972]. The shielding time
constant deduced from magnetometer observations was 17–
20 min [Somayajulu et al., 1987; Kikuchi et al., 2000] and
that deduced from model calculations was 20–30 min for
typical ionospheric and magnetospheric parameters [Senior
and Blanc, 1984]. Therefore, the shielding electric field
must have contributed to some extent to the DP 2 fluctua-
tions, the period of which lies in the range of the shielding
time constant.
[5] The puzzling issue mentioned above should be clari-

fied for better understanding of the penetration of the con-
vection electric field, which plays a crucial role in the
electrodynamics of the low‐latitude ionosphere and ring
current development in the inner magnetosphere. In particu-
lar, we need to clarify the role of the shielding/overshielding
electric field in short‐period geomagnetic perturbations. To
address this issue, we selected a DP 2 fluctuation event
with a period of 30 min, which was amplified at the
dayside geomagnetic equator. We used magnetometer data
at middle‐latitude and low‐latitude stations to obtain mag-
netic signatures attributable to the DP 2 ionospheric currents
extending from high latitude to the equator. The low‐latitude
station provides data about magnetic perturbations caused by
magnetospheric currents such as the magnetopause, tail, and
field‐aligned currents and the ring current. DP 2 fluctuations
at the equator were attributed to alternating eastward elec-
trojets (e‐EJ) and w‐EJ, caused by the southward and north-
ward IMF, respectively. The e‐EJ is thought to be driven by
the dawn‐to‐dusk convection electric field associated with
the region 1 field‐aligned currents (R1 FACs), while the
w‐EJ should be caused by the overshielding electric field
associated with the R2 FACs. To evaluate this hypothesis,
we examined the Super Dual Auroral Radar Network
(SuperDARN) convection map in the polar ionosphere for
the period of the DP 2 fluctuation event. Moreover, we ran
the comprehensive ring current model (CRCM) [Fok et al.,
2001], using the solar wind data as an input to examine
relative contributions of the R1 and R2 FACs in the con-
vection map. From the observational and simulation results,
we conclude that the e‐EJ and w‐EJ responsible for the DP 2
fluctuations were caused by the R1 and R2 FACs, respec-

tively. Furthermore, we show DP 2 fluctuation events with
different properties to reinforce our conclusion and discuss
the continuous penetration of the convection electric field
for several hours during the main phase of a storm [Huang
et al., 2005, 2007] and overshielding during the storm
recovery phase [Kikuchi et al., 2008a, 2008b].

2. DP 2 Fluctuation Event on 14 December 2006

2.1. Interplanetary Magnetic Field and Geomagnetic
Indices

[6] Figure 1 shows the interplanetary magnetic field com-
ponents (Bx, By, and Bz) and solar wind velocity and density
observed by Advanced Composition Explorer (ACE) sat-
ellite at x = 1.452 × 106 km. The IMF Bz oscillated in the
ULF range with large amplitude after the arrival of the
shock at 1352 UT and then remained positive for 4 h. These
IMF variations caused substorm activities over 4 h with AL ≤
−1500 nT, as shown in Figure 2. The IMF Bz then fluctuated
with a period of 30 min and ranging in magnitude from −12
to +15 nT for the period 2100–2300 UT, as indicated by
the double‐headed arrow in Figure 1. The oscillation in the
IMF Bz caused the AL to oscillate quasiperiodically with a
magnitude of 500 nT for the period of 2130–2330 UT, as
indicated by the double‐headed arrow in Figure 2. The
IMF remained southward from 2230 UT with a magnitude
of 15 nT, causing the AL to drop below −1000 nT; this
caused the main phase of the geomagnetic storm on 14–15
December, as shown by the ring current index, SYM‐H, in
Figure 2.

2.2. Equatorial Electrojet

[7] Figure 3 shows H component magnetic fields at
Paratunka, Russia (PTK, 45.58°N geomagnetic latitude
(GML), Table 1), Okinawa, Japan (OKI, 16.87°N GML), and
Yap, Micronesia (YAP, 0.38°S GML). The H component
increased suddenly at 1414 UT, owing to increases in the
solar wind density and velocity at 1352 UT and remained
high for 1.5 h. The large amplitude of the H component at
PTK peaking at 1500 UT must have been caused by a sub-
storm wedge current, which closes with the westward auroral
electrojet, represented by the decrease in AL (see Figure 2).
The H component at OKI started to decrease at 2300 UT,
indicating development of a storm ring current. Quasiperi-
odic fluctuations occurred at YAP during the period of
2130–2330 UT, as indicated by the double‐headed arrow in
Figure 3, before the ring current developed. These fluc-
tuations correspond to those in AL (Figure 2) and in the IMF
Bz (Figure 1). Similar fluctuations were observed at YAP in
another time interval (0000–0300 UT), corresponding to
those in AL during the main phase of the storm (Figure 2).
These fluctuations were recorded at PTK and OKI with
amplitudes smaller than those at YAP. The equatorial
enhancement of the amplitude fluctuations verifies that the
equatorial magnetic fluctuations were mainly caused by
ionospheric currents amplified by the Cowling effect [e.g.,
Kikuchi et al., 1996].
[8] Our primary purpose in using magnetometer data was

to monitor the ionospheric currents and thereby deduce
information about electric fields originating in the mag-
netosphere. The magnetic perturbations shown in Figure 3
contain several components, such as quiet‐time diurnal
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variations and magnetic perturbations attributable to the
magnetopause, tail, field‐aligned, and ring currents. To deter-
mine the quiet‐time diurnal variation, we plotted H, D, and
Z components at YAP over the period 10–15 December
2006 in Figure 4. The diurnal curve in the H component is
smooth on 10 December, at which time the SYM‐H is greater
than −20 nT. If we define this curve as a quiet‐day curve,
daytime levels around noon (0300 UT) are below the quiet‐
time curve (Figure 4, thin line) on disturbed days (Figure 4,
thick line): 12–14 December. The depression of the daytime
level raised the question of whether the DP 2 fluctuations
were positive [Nishida et al., 1966; Nishida, 1968, 1973] or
negative [Matsushita and Balsley, 1972] with respect to the
quiet‐time curve. Depression of the daytime level is com-
monly observed on disturbed days, probably because of the

disturbance dynamo electric field [e.g., Fejer and Scherliess,
1997]. Thus, we selected 10 December as a quiet day in the
following analyses.
[9] As Figure 4 shows, the deflection from the quiet‐time

level is small in the time interval of 2100–2400 UT (0600–
0900 magnetic local time (MLT)) on disturbed days, 12 and
13 December, because of small ionospheric conductivity
under a large solar zenith angle. Note that no deflections are
recognized around the beginning of the DP 2 fluctuation
event (2200 UT on 14 December). We next assume that per-
turbations recorded at OKI were least influenced by iono-
spheric currents, since OKI was far from the auroral electrojets
and outside of the equatorial electrojet. Assuming that YAP
and OKI were similarly affected by magnetospheric currents,
we subtract the perturbations at OKI from those at YAP after

Figure 1. (top to bottom) Interplanetary magnetic field Bx, By, and Bz and solar wind velocity and
density observed by ACE at 1.452 × 106 km s−1 for the period from 12 UT, 14 December 2006, to
12 UT, 15 December 2006. The IMF Bz fluctuated with a period of 30 min in a time interval of 21
to 23 UT, as indicated by the double‐headed arrow.
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eliminating quiet‐time diurnal variations at each station.
This then yields the DP 2 fluctuations caused by iono-
spheric currents driven by the convection/overshielding
electric fields.
[10] Figure 5 shows DP 2 fluctuations in a time frame

from 1800 UT, 14 December, to 1200 UT, 15 December
(Figure 5, bottom), together with the SYM‐H (Figure 5,
top). Note that the DP 2 fluctuations over the period 2130–
2330 UT (double‐headed arrow) are composed of alternating
positive and negative magnetic deflections caused by e‐EJ
and w‐EJ, respectively. An outstanding property of the DP 2
fluctuations is that the amplitude (>100 nT from peak to
peak) is larger than the quiet‐time diurnal variation (Figure 4).
The large amplitude helps us to find that the DP 2 fluc-
tuations are composed of alternating e‐EJ and w‐EJ. We
also have fluctuations in a time interval of 0000–0300 UT,
15 December, superposed by a long‐lasting negative deflec-
tion. These fluctuations might be related to inner magneto-
sphere disturbances, while the long‐lasting negative deflection
might be caused by the disturbance dynamo electric field
which develops several hours after the onset of the storm
[Fejer and Scherliess, 1997].

[11] Figure 6 showsH,D, and Z component magnetic fields
at the midlatitude station, PTK, along with those at YAP in
the time interval of 2100–2400 UT. Figure 6 (dotted lines)
also plots quiet‐time diurnal variations on 10 December
2006. We observe that the H component fluctuations at PTK
are poorly correlated with those at YAP, but theD component
fluctuations with positive peaks at 2210, 2235, and 2310 UT
are well correlated with the DP 2. If we assume that the
D component fluctuations at PTK are caused by ionospheric
currents, the ionospheric currents should be a southward
(northward) current in the morningside midlatitude iono-
sphere, which connects the equatorial e‐EJ (w‐EJ) with the
field‐aligned currents. The poor correlation of the H com-
ponent at PTK may indicate that PTK was dominantly under
the influence of the magnetospheric currents.
[12] We now compare the DP 2 fluctuations with solar

wind parameters to clarify causes of the alternating e‐EJ and
w‐EJ. Nishida [1968] attributed the DP 2 fluctuations to
fluctuations in the southward IMF. However, we do not
adopt this hypothesis a priori but attempt to find signatures
indicating a cause‐and‐effect relationship between the solar
wind parameters and the DP 2 fluctuations. We used high‐

Figure 2. Auroral electrojet indices AU and AL and the ring current index SYM‐H for the period from
12 UT, 14 December, to 12 UT, 15 December 2006. The geomagnetic sudden commencement started at
1414 UT, and the main phase started at around 23 UT on 14 December. The quasiperiodic fluctuations
occurred during the period of 2130–2330 UT, as indicated by the double‐headed arrow in the upper panel.
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time‐resolution (16 s) solar wind data and compared detailed
structures with the equatorialDP 2 variations. Figure 7 shows
the solar wind dynamic pressure (top), IMF Bz (middle), and
the DP 2 fluctuations (bottom). As a result of careful com-
parisons, we shifted the time of the solar wind data by 32 min
behind. From the solar wind velocity, 850 km s−1, and the
distance between the spacecraft and the magnetopause
assumed at 10 RE, we have 27.2 min for the propagation
time of the solar wind. As a first step, we shifted the time
in the solar wind data by 27.2 min and then attempted to find
signatures in a cause‐and‐effect relationship. In carrying out
these analyses, we focused our attention not only on IMF
effects, but also to solar wind dynamic pressure effects. As
is widely known, a solar wind dynamic pressure increase
causes a magnetic impulse on the ground with enhanced
amplitude at the dayside geomagnetic equator [e.g., Araki,
1994]. Although the solar wind dynamic pressure shows

quite a few irregular variations (Figure 7, top), three isolated
impulsive changes (Figure 7, top, points 1–3) can be recog-
nized clearly as a cause of magnetic impulses in the DP 2
fluctuations. The impulses in the two parameters coincide
with each other within 1 min when shifted in time by 32 min.
Under this condition, we also have excellent correspondence
between the southward/northward IMF and the e‐EJ/w‐EJ in
such a manner that the IMF/DP 2 crossed zero at 2213/2212,
2227/2228, 2242/2241, and 2304/2303 UT (Figure 7, middle,
points a–d, respectively) in the plots of the IMF/DP 2. Note
that the decrease in the DP 2 at 2320 UT must be caused by
an electric field associated with a substorm, which is fol-
lowed by the fluctuations during the storm main phase.
Substorm‐associated electric fields are an important issue to
be studied in a separate paper. The excellent correspondence
in both dynamic pressure and IMF variations with the DP 2
fluctuations validates the time shift of 32 min if we

Figure 3. H component magnetic fields recorded at geomagnetic midlatitude, Paratunka, Russia (PTK,
45.58°N GML); geomagnetic low latitude, Okinawa, Japan (OKI, 16.87°N GML); and geomagnetic
equator, Yap, Micronesia (YAP, 0.38°S GML), during the geomagnetic storm on 14–15 December
2006. Quasiperiodic DP 2 fluctuations are amplified at YAP during the period of 2130–2330 UT, as indi-
cated by the double‐headed arrow.

Table 1. National Institute of Information and Communications Technology Space Weather Monitoring Magnetometer Stations

Station

Geographic Coordinates (°) Geomagnetic Coordinates (°)

LTLatitude Longitude Latitude Longitude

Paratunka, Russia 52.94N 158.25E 45.58N 221.13E UT + 10.6
Okinawa, Japan 26.75N 128.22E 16.87N 198.41E UT + 8.4
Yap, Micronesia 9.49N 138.09E 0.38S 209.21E UT + 9.2

KIKUCHI ET AL.: ELECTRIC FIELDS OVERSHIELDING EQUATORIAL IONOSPHERE A05209A05209

5 of 18



allow 4.8 min for the interplanetary electric field (IEF) to
propagate from the magnetopause to the equatorial iono-
sphere. Interestingly, Manoj et al. [2008] found that the
time delay between the IEF and the equatorial electric field
was less than 5 min on the basis of the statistical analysis of

ionospheric drift measurements from the Jicamarca Unat-
tended Long‐term Investigations of the Ionosphere and
Atmosphere radar. Consequently, the e‐EJ was driven by the
dawn‐to‐dusk convection electric field caused by the south-
ward IMF, while the w‐EJ must be caused by the over-

Figure 4. The H, D, and Z component magnetic fields recorded at YAP on 10–15 December 2006 (thick
lines). The quiet‐time diurnal curves on 10 December are plotted with thin lines.
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shielding electric field associated with the R2 FACs [Nopper
and Carovillano, 1978; Peymirat et al., 2000].

2.3. Super Dual Auroral Radar Network
Convection Map

[13] To confirm that the w‐EJ was caused by the over-
shielding electric field associated with the R2 FACs, we
examined the ionospheric convection pattern derived from
SuperDARN observations [Ruohoniemi and Baker, 1998];
SuperDARN is a global network of HF radars capable of
measuring backscatter from drifting plasma in the ionospheric
F region [Greenwald et al., 1995]. Most of the SuperDARN
radars have fields of view covering high‐latitude regions.
Therefore, the SuperDARN convection map reveals the large‐
scale convection pattern due to the R1 FACs. On the other
hand, radars at King Salmon, Alaska (58.68°N, 156.65°W
geographic; 57.43°N, 100.51°E Altitude Adjusted Corrected
Geomagnetic Coordinates (AACGM)), and Hokkaido,
Japan (43.53°N, 143.61°E geographic; 38.14°N, 145.67°W
AACGM), cover a wide area of the subauroral region. These
radars are suitable for acquiring convection patterns relevant
to overshielding due to the R2 FACs.

[14] Figure 8 shows selected convection maps in the
dayside polar ionosphere during the DP 2 fluctuation event;
the inset indicates the IMF clock angle observed by ACE 32
min earlier. The direction of the convection flow is indicated
by the arrows extending from the individual grid points. The
flow speed is indicated by the color and length of the vector
in accord with the given color code and 2 km s−1 bar. The
flow vectors are aligned along the potential contours; posi-
tive potential is indicated with dashed contours and negative
potential is indicated with solid contours. The radar cover-
age was limited to the dayside throughout the time interval
of the DP 2 fluctuations, but the dayside part of the large‐
scale convection pattern is easily recognized in Figure 8. As
shown, the convection forms a two‐cell pattern under the
condition of southward IMF, which is characterized by
counterclockwise vortices in the morning sector (right‐hand
side of each panel in Figure 8) centered at about 75°N
(Figures 8a, 8d, and 8f). These patterns are consistent with
those derived from statistics of SuperDARN convectionmaps
[Ruohoniemi and Greenwald, 1996]. The dawn‐to‐dusk
electric field associated with the two‐cell pattern penetrated
to the equatorial ionosphere and caused the e‐EJ shown in

Figure 5. (bottom) DP 2 fluctuations derived from the H component magnetic fields at YAP and OKI
along with (top) the SYM‐H. The DP 2 fluctuations in the time interval of 2130–2330 UT, 14 December
2006 (double‐headed arrow), are analyzed in section 2, and fluctuations in the time interval of 0000–
0300 UT, 15 December, are discussed in section 3.
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Figure 7. On the other hand, the convection pattern became
distorted considerably under the condition of northward IMF,
which accompanied reverse flow vortices centered at about
67°N in the 0800MLTmeridian (Figures 8b, 8c, and 8e). The
reverse vortices must be associated with the R2 FACs that
developed equatorward of the R1 FACs. The dusk‐to‐dawn
electric field associated with the R2 FACs penetrated to the
equator and caused the w‐EJ (Figure 7).

[15] Data for the reverse convection vortex in the morning
sector was contributed mainly by the King Salmon radar. To
evaluate this vortex, we analyzed data from the Hokkaido
radar, which covered the field of view of the King Salmon
radar during the DP 2 fluctuation event. Figure 9 shows
line‐of‐sight (LOS) velocities measured by beam 9 of the
Hokkaido radar. Positive LOS velocity during the periods
2210–2225 and 2240–2250 UT (green/blue) indicates short-

Figure 6. The H, D, and Z component magnetic fields recorded at PTK and YAP during the DP 2 fluc-
tuation event on 14 December 2006. Quiet‐time diurnal curves on 10 December 2006 are shown with
dotted lines, as a reference for the DP 2 fluctuations.
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ening of the path length of HF radio propagation, which
was primarily caused by a westward electric field through
the E × B drift of ionospheric plasma. The westward electric
field in the morning sector should be a part of the dusk‐to‐
dawn electric field associated with the R2 FACs, which
caused the w‐EJ at the equator. The observed LOS velocity
is very low compared with the auroral plasma flow [e.g.,
Ruohoniemi and Baker, 1998], probably because the radar
signals were backscattered from the ground via the iono-
sphere. However, the Hokkaido radar can detect slow
plasma flow associated with overshielding, as confirmed
by Ebihara et al. [2008].

2.4. Comprehensive Ring Current Model Electric
Potential

[16] We here calculate the electric potentials of the R1 and
R2 FACs, using the CRCM [Fok et al., 2001] to confirm the
dominant contribution of the R2 FACs during the period of
northward IMF. The simulation region is set from 11.8°N to
66.7°N magnetic latitude at the ionosphere altitude. The

potential at the poleward boundary is imposed by using the
empirical electric potential of Weimer [2001]. The electric
potential model depends on the solar wind and IMF. Auroral
conductance is provided by the Hardy et al. [1987] model
depending on the Kp index, and background conductance
is based on the Mass Spectrometer Incoherent Scatter
(MSIS‐E90) neutral atmosphere model [Hedin, 1991] and
the international reference ionosphere (IRI‐95) model [Bilitza,
1997]. The magnetic field is given by the 1996 model of
Tsyganenko [Tsyganenko, 1995; Tsyganenko and Stern,
1996]. The distribution function of ions at the magneto-
sphere boundary is assumed to be isotropic Maxwellian with
density of 0.75 cm−3 and temperature of 5 keV. All these
parameter settings are the same as those of Ebihara et al.
[2008], who simulated the same magnetic storm. We solve
the advection of the energetic ions in the inner magneto-
sphere and the FACs flowing into/out from the ionosphere,
which are referred to as the R2 FACs. The polarity of the
electric potentials resulting from the R2 FACs is opposite to
that of the polar cap potential (PCP).

Figure 7. (top) Solar wind dynamic pressure, (middle) IMF Bz measured by ACE 32 min prior to the
DP 2 fluctuation event, and (bottom) the DP 2 fluctuations derived from the H component magnetic
fields at YAP and OKI. Solar wind dynamic pressure impulses numbered as 1–3 correspond to magnetic
impulses in the DP 2 within 1 min. The IMF and DP 2 fluctuations crossed zero nearly at the same time
within 1 min as indicated in Figure 7 (middle) by points a–d.
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Figure 8. Super Dual Auroral Radar Network (SuperDARN) convection maps in the dayside polar iono-
sphere (>50°CGML), selected for (a, d, f) southward and (b, c, e) northward IMF conditions during theDP 2
fluctuation event. The colored arrows from the dots at individual grid points indicate vectors of ionospheric
convection flow. Themagnitude of the flow vector is indicated by the velocity bar and color code given. The
positive (negative) electric potential is indicated by the dashed (solid) contours. (inset) IMF clock angle
observed by ACE 32 min earlier.
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[17] Figure 10 shows the density distribution of the R2
FACs, with warm (cool) colors for downward (upward)
currents and contours of the sum of the PCP and the electric
potential associated with the R2 FACs at the time indicated

by the red line in the plots of the IMF Bz shifted in time by
32 min. The simulation results show that the electric potential
contours are in a large‐scale two‐cell pattern associated
with the R1 FACs under southward IMF (Figures 10a and

Figure 8. (continued)
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10d). On the other hand, when the IMF turned northward,
the electric potential was dominated by that of the R2 FACs
(Figures 10b and 10e), which remained while the IMF Bz

was positive (Figures 10c and 10f). As a result, electric
potential contours surrounding the R2 FACs appear at
around 0300 and 1500 MLT, which will cause the reversed
convection vortices equatorward of the large‐scale convec-
tion vortices as observed by SuperDARN (Figure 8) and the
westward electric field at lower latitudes responsible for the
w‐EJ at the dayside equator. Note that the calculated R2
FAC‐associated electric potential contours appear in the
nightside morning sector (0300 MLT) but not on the day-
side (0800 MLT), where the reverse convection vortex was
observed by SuperDARN. The discrepancy between the
observation and simulation raises an issue about the local
time distribution of the asymmetric ring current and R2
FACs, which should be addressed in future works.
[18] To better understand the alternating appearance of the

convection electric field (e‐EJ) and overshielding electric
field (w‐EJ), we calculated the net R2 FAC and plotted it in
Figure 11 (bottom, dotted lines) along with the PCP (solid
lines). The IMF Bz is plotted in Figure 11 (top) with a time
shift of 32 min. We find that the growth of the R2 FACs
follows that of the PCP with some time lag, 6 min, as
measured from the peak of the PCP to the peak of the net R2
FAC. The net R2 FAC decays more slowly than the PCP.
As a result, the overshielding electric field due to the R2

FACs becomes dominant during the period of northward
IMF.

3. Discussion and Conclusion

[19] The definition of DP 2 fluctuations has been con-
troversial. Matsushita and Balsley [1972] pointed out that
the DP 2 fluctuations should be measured as negative from
the quiet‐time diurnal curve with a time lag of several tens
of minutes, since the daytime level of the diurnal curve on
disturbed days has often been well below the quiet‐time
diurnal curve (see 13 and 14 December data in Figure 4).
Nishida [1973], however, emphasized that there was no
reason to believe that the convection electric field propa-
gated to the equator so slowly as to be observed 20 min
behind the high‐latitude DP 2 fluctuations. In fact, the polar
electric field propagates to the equator instantaneously with
temporal resolution of 10 s during the preliminary impulse of
geomagnetic sudden commencements [Araki, 1977; Kikuchi,
1986], which is caused by DP 2‐type ionospheric currents.
Furthermore,Kikuchi et al. [1996], using high‐time‐resolution
magnetometer data, made a correlation analysis between high‐
latitude and equatorial DP 2 fluctuations (period = 40 min)
and found that the equatorial DP 2 was positively correlated
with that at high latitude (correlation coefficient, 0.9) and no
time lag was greater than 25 s. In spite of the good correlation,
however, we had no definitive idea about the true direction

Figure 9. UT versus latitude plots of the line‐of‐sight velocity measured by beam 9 of the Hokkaido radar.
Positive (green, blue) and negative (red, yellow) velocities indicate plasma motion toward and away from
the radar caused by the westward and eastward electric fields, respectively.
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of the ionospheric currents causing the DP 2 fluctuations.
In the present study, we selected a DP 2 fluctuation event
with a large amplitude (>100 nT from peak to peak) and
no contamination of negative deflections attributable to the
disturbance dynamo. The large amplitude of the DP 2 fluc-
tuations enabled us to find the true direction of the equatorial
electrojet: the DP 2 fluctuations were composed of alter-
nating eastward and westward electrojets, which were caused
by the southward and northward IMF, respectively.
[20] During geomagnetic storms, on the other hand, we

often have difficulties in identifying the cause of DP 2 fluc-
tuations. As shown in Figure 3, large‐amplitude DP 2‐like

fluctuations occurred within the period 0000–0300 UT on
15 December 2006, during the storm main phase. Note that
the IMF did not fluctuate but remained steadily southward
(Figure 1); furthermore, the fluctuations were superposed by
long‐lasting negative deflections (Figure 5). These results
imply that at least two different kinds of electric field con-
tributed to the fluctuations during the main phase of a storm.
One must be associated with a dynamo in the inner magne-
tosphere and the other linked with the disturbance dynamo in
the thermosphere. DP 2‐like fluctuations have often been
observed during themain phase of a storm [Fejer et al., 2007;
Veenadhari et al., 2010], when correlation with the IMF is

Figure 10. Current density of the region 2 field‐aligned currents (R2 FACs) and contours of the electric
potential calculated with the comprehensive ring current model (CRCM) at times indicated by red lines in
the inset plots of the IMF Bz shifted in time by 32 min behind. Red (blue) indicates downward (upward)
current density. The electric potential is calculated as a sum of the polar cap potential (PCP) and that of
the R2 FACs.
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not as good as that shown in this paper. Some other inner
magnetosphere processes like substorms may play a role in
the storm‐time perturbations, an issue to be addressed in a
separate paper.
[21] On the other hand, the disturbance dynamo electric

field becomes dominant a few hours after the storm onset
and remains for many hours, as deduced from the statistical
studies of the equatorial electric field measured by the
Jicamarca incoherent scatter radar [Fejer and Scherliess,
1997]. Simulation studies clarified the relative role of the
prompt penetration and disturbance dynamo electric fields-
Maruyama et al., 2007]. Using the coupled thermosphere
ionosphere plasmasphere electrodynamics (CTIPe) model,
Maruyama et al. [2007] showed good agreement between
model predictions and data, accounting for oscillations in
the penetration electric field at the beginning of the storm
on 31 March 2001 and the disturbance dynamo electric field
during the storm main phase. We stress that the DP 2
fluctuations studied in section 2 occurred just before the
storm‐associated dynamos started to work. Application of
the CTIPe model would be useful to evaluate our scenario,
and should be a next step in studying the penetration electric
field.
[22] We further attempted to find similar DP 2 fluctuation

events to confirm the close relationship between the DP 2
and IMF fluctuations. Figures 12 and 13 show DP 2 fluc-
tuations observed during geomagnetic storms on 6–7 June
2006 and 7–8 May 2005. Solar wind parameters are plotted
in Figures 12 (top) and 13 (top) and the DP 2 fluctuations in
Figures 12 (bottom) and 13 (bottom), which are in the same
format as in Figures 1 and 5, respectively. The DP 2 fluc-
tuations in the first event have rather good correlations with
fluctuations in southward IMF (Figure 12). However, we

could not use this event to confirm whether the DP 2
fluctuations were composed of alternating e‐EJ and w‐EJ
because the small amplitude (<70 nT, peak to peak) of the
DP 2 fluctuations were overwhelmed by the large negative
depression of the daytime level (>−100 nT).
[23] In the second event (Figure 13), on the other hand,

the DP 2 fluctuations have a large amplitude (<130 nT,
peak to peak) superposed by a small negative depression
(>−30 nT). Therefore, we can confirm that the DP 2 fluc-
tuations are composed of alternating e‐EJ and w‐EJ in the
same manner as in section 2. However, the correlation of the
DP 2 fluctuations with the IMF is not so clear as in the event
analyzed in section 2. Several impulsive northward turnings
between 2030 UT on 7 May and 0030 UT on 8 May could
have contributed to the w‐EJ between 2130 and 0130 UT.
We stress again that the DP 2 fluctuations studied in section
2 are remarkably well correlated with the IMF fluctuations
(Figure 7).
[24] It seems commonly accepted that the dawn‐to‐dusk

ionospheric electric field is attributed to the solar wind
electric field. If this is always true, the westward electric
field in the equatorial ionosphere responsible for the w‐EJ
must be caused by the solar wind electric field associated
with the northward IMF. The SuperDARN convection map,
however, indicated that the convection pattern was not a
two‐cell pattern with reversed polarity but instead was
composed of distorted double cells or multiple cells in
agreement with the statistically obtained convection patterns
[Heppner and Maynard, 1987; Weimer, 2001; Ruohoniemi
and Greenwald, 1996]. Moreover, we revealed that reverse
flow vortices appearing at lower latitudes will produce a
reverse electric field, i.e., an overshielding electric field, at
middle and low latitudes. CRCM calculations show that the

Figure 11. Plots of (top) the IMF Bz shifted in time by 32 min and (bottom) the PCP calculated with the
empirical formula of Weimer [2001] (solid curve). The dotted curve in Figure 11 (bottom) indicates the
net R2 FAC calculated using the CRCM with the PCP as an input.
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electric potential associated with the R2 FACs overcomes
that associated with the R1 FACs when the IMF turns
northward, which results in reverse convection vortices
equatorward of the large‐scale two‐cell convection vortices.
The calculated reverse convection vortices are consistent
with the flow observed at subauroral and midlatitudes by
the King Salmon and Hokkaido radars (Figures 8 and 9),
except for the local time. Finally, the overshielding electric
field caused the w‐EJ of the DP 2 fluctuations at the equator.

From an electric current point of view, the R1 and R2 FACs
flowed into the equatorial ionosphere alternately and caused
the e‐EJ and w‐EJ, respectively.
[25] CRCM calculations indicated that the shielding elec-

tric field started to develop immediately after the growth of
the PCP but with a time lag of 6 min in peak intensity. The
R2 FACs decayed more gradually than the PCP (Figure 11).
As a result, the shielding electric field overwhelmed the
convection electric field; overshielding occurred as the con-

Figure 12. Solar wind parameters measured by ACE and the equatorial DP 2 fluctuations during the
geomagnetic storm on 6–7 June 2006, shown in the same formats as in Figures 1 and 5, respectively.
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vection electric field decreased. We stress that shielding/
overshielding occurs for both short‐ and long‐period fluc-
tuations, i.e., DP 2 fluctuations of 30 min period (this study),
substorm growth phase [Somayajulu et al., 1987], substorm
recovery phase [Kelley et al., 1979; Kobea et al., 2000;
Kikuchi et al., 2000, 2003], and storm recovery phase
[Kikuchi et al., 2008a,b]. On the other hand, shielding is not
effective during the period of growing R1 FACs. Thus, the
convection electric field can be dominant for several hours

during storm main phase, as demonstrated by Huang et al.
[2005, 2007].
[26] In conclusion, the equatorial DP 2 fluctuations are

caused by alternating e‐EJ and w‐EJ connecting with the R1
and R2 FACs, being driven by the southward and northward
IMF, respectively. The R2 FACs develop immediately after
the growth of the R1 FACs but decay more gradually with
some time lag (6 min), according to the CRCM calculation.
Thus, overshielding due to the dominant R2 FACs occurs

Figure 13. Solar wind parameters measured by ACE and the equatorial DP 2 fluctuations during the
geomagnetic storm on 7–8 May 2005, shown in the same formats as in Figure 12.
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whenever the R1 FACs decrease rapidly. The period of
alternate development of the two FAC systems is 30–60 min
forDP 2 fluctuation events and much longer for geomagnetic
storms.
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