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Figure 2. Latitudinal variations in amplitude ratio 
(a), •nd phase difference (b), of d•ytime Pi 2 pulsations 
observed •t [he 210 ø MM stations with respect to GUA. 
Standard devil[ions •re indictled (b•rs). 

seen at the dip equator POH. The phase differences among 
the stations were very small, with the exception of the dip 
equator POH. 

Nighttime Pi 2 pulsations during 2200-0300 LT were se- 
lected because a change in latitudinal variation was found 
to appear around 2200 LT. Pi 2 pulsations observed during 
1800-2200 LT show intermediate characteristics of ampli- 
tude ratio and phase relationship with regard to those at 
the daytime and nighttime Pi 2's. Takahashi et al. [1992] 
discussed the concurrent occurrence of Pi 2 pulsations in 
the low-latitude ground station and in the inner magneto- 
sphere (L - 2-5). The great majority of compressional Pi 
2's were observed mainly within about +3 hours of midnight 
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Figure 3. Same as in Figure 1, but showing for night- 
time Pi 2 pulsations during the period from 1330 to 
1350 UT on February 17, 1995. 
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Figure 4. Same as in Figure 2, but showing for night- 
time Pi 2 pulsations. 

in the inner magnetosphere. Therefore, it is reasonable to 
limit the time interval to 2200-0300 LT for studies of the 
characteristics of nighttime Pi 2's. 

We have analyzed 36 nighttime Pi 2 events. Figure 4a 
shows the latitudinal variation of the nighttime Pi 2 am- 
plitude ratio with respect to GUA. With decreasing mag- 
netic latitude, the amplitudes of Pi 2 H-components decrease 
gradually until CBI. The amplitude at GUA is enhanced a 
little, but depressed at POH. The averaged amplitude ratio 
of POH to GUA is 0.78. Figure 4b shows the phase differ- 
ence of nighttime Pi 2's along the 210 ø magnetic meridian. 
The latitudinal phase variation from PTK to GUA is sim- 
ilar to that of the daytime Pi 2's as shown in Figure 2b. 
However, the averaged phase lag, 18 ø, of nighttime Pi 2's at 
the dip equator POH to GUA is smaller than that in the 
daytime, i.e., it is about half the daytime value. 

Both daytime and nighttime Pi 2 events show a similar 
phase difference (•0 15 ø) between GUA and CBI. This phase 
difference may be caused by the conductivity anomaly effect 
of Guam and Chichijima Islands [see Sero et al., 1996]. This 
characteristic will be re-examined in detail and presented in 
a future paper. 

Discussion 

In the work reported here, we have analyzed the 210 ø 
MM magnetic field data from the dip to 70.0 ø latitude to 
clarify the day/night difference in latitudinal variations of Pi 
2 amplitude ratios and phase relationships. In the daytime, 
peculiarities of Pi 2's are found near the dip equator (• = 0- 
5.6ø), in spite of the amplitude and phase being almost the 
same in the low-latitude region (• - 19.5-46.2ø). The phase 
of daytime Pi 2 pulsations at the dip equator lags behind 
those at the low latitudes, and the amplitude of equatorial Pi 
2 pulsations is enhanced. In the nighttime, the behavior of 
the amplitude ratio is bit a complex. At low latitudes (• - 
19.5-53.5ø), nighttime Pi 2 amplitudes gradually decrease 
with decreasing magnetic latitude. A small enhancement 
of amplitude can be seen at GUA (• - 5.6ø), but a small 
depression of amplitude and a small value of phase lag are 
also found at the dip equator. 

磁気圏起源擾乱の赤道強化現象
Pi2地磁気脈動を含む多くの磁気圏起源の擾乱 

(DP2, Pc5, SCなど)は昼間側磁気赤道で振幅が増す
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Figure 6. DP 2 fluctuations observed on April 20, 1993, at 
the Brazilian equatorial stations, Belem, Sao LuJz, and Euse- 
bio on the (a) H and (b) Z component. The magnitude of the 
DP 2 variation Js enhanced at all three equatorial stations 
compared to the low-latitude station (see text). Among these 
stations, the magnitude of the H component is twice as large at 
Sao Luiz as at other stations, and the fluctuations in the Z 
component at Eusebio is in the opposite sense to that at other 
two stations, indicating that the electrojet flows slightly south 
of Sao Luiz. 

Santa Maria is 4.0. On the other hand, the ratios of the diurnal 
magnetic variation at Sao Luiz to Eusebio and to Belem on a 
relatively quiet day (E Kp = t0 on April 28, 1993) is 1.4 and 
1.7, respectively. The enhancement ratio of the DP 2 fluctua- 
tions is larger than that of the diurnal variation, but it is 
apparent that the equatorial enhancement of the DP 2 fluc- 
tuations is caused by the concentration of the ionospheric 
current which is due primarily to the enhanced ionospheric 
conductivity. 

It is worthwhile to point out that the Z component nega- 
tively correlates with the H component at Sao Luiz and Belem, 
while the relation is positive at Eusebio (Figure 6b). This result 

implies that the center of the ionospheric current is located 
between Sao Luiz and Eusebio, and it is nearer to Sao Luiz 
because of the largest magnitude at Sao Luiz. The D compo- 
nent at Sao Luiz (not shown) is t order of magnitude smaller 
than the H component, implying again that Sao Luiz is located 
near the center of the electrojet. The D components at Belem 
and Eusebio are in antiphase to the H component variation, 
with a magnitude of about half of that of the H component. 
This result indicates that the ionospheric current flows into the 
dip equator from the low latitude in the morning sector (9-11 
hours) both in the northern (Belem) and southern (Eusebio) 
hemispheres, in agreement with the current pattern of the DP 
2 fluctuations [Nishida et al., 1966]. 
3.5. Latitudinal Profile of the DP 2 Fluctuations 

In the previous sections, we have shown that both the au- 
roral and equatorial D P 2 fluctuations are caused by the ion- 
ospheric current which consists of a Hall current in the auroral 
ionosphere and a Pedersen current enhanced by the Cowling 
effect at the dip equator. Here we show the latitudinal profile 
of the DP 2 magnetic fluctuations in order to obtain an idea 
about the attenuation of the propagating electric field. 

The latitudinal profile of the magnitude of the DP 2 fluc- 
tuations observed at the IMAGE and African chain stations is 

given in Figure 7. The magnitude at Sao Luiz is also shown in 
Figure 7. It is obvious that the DP 2 fluctuations is strongly 
confined to the region above 60 ø and decreases monotonously 
at midlatitude and low latitude, while it is strongly enhanced at 
the equatorial stations. In the case of the peak at 1300 UT, the 
magnitude being 103 nT at 71 ø decreases to 41 nT at 57 ø, and 
to 7 nT at low latitudes, but increases again to 22 nT at Mokolo 
(1400 LT) and 37 nT at Sao Luiz (tOO0 LT). The equatorial 
enhancement ratio is about 3 in Africa and 4 in Brazil. It 

should be noted that the magnitude of the DP 2 fluctuations at 
the dip equator are almost comparable to that at subauroral 
latitudes. Tsunomura and Araki [1984] calculated global elec- 
tric field and current by assuming the realistic ionospheric 
conductivity and the region t current flowing into and out of 
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Figure 7. Latitudinal profiles of the magnitude of the DP 2 
fluctuations recorded on April 20, 1993, at the IMAGE sta- 
tions and the European and African chain stations. Two pro- 
files are depicted for the peaks at 1218 and 1300 UT with solid 
and dashed curves, respectively. The magnitude at Sao Luiz is 
also plotted to indicate the remarkable equatorial enhance- 
ment at the dip equator. Here the magnitude is comparable to 
that at subauroral latitudes. 

Pi2地磁気脈動

DP2

Shinohara et al. [GRL,1997]

Kikuchi et al. [JGR,1996]

夜側起源のPi2がどのようにして伝わり昼間側赤道に
大きな振幅をもたらすか?
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高伝導度領域で強化
された電離圏電流

オーロラ嵐に伴う
電流振動ソース 日射領域

(high conductivity)

磁気赤道日射領域
(very high conductivity)

                    日陰領域
(very low conductivity)

昼夜境界

電場の伝播 [Shinohara, 1998]
(e.g. 大気導波管 [Kikuchi and Araki, 1979])

過去の研究では、昼間側地上低緯度のH成分磁場は極域電場の侵入に
よる東西の電離層電流振動が原因であると解釈される。 

[Kikuchi and Araki,1979, JASTP; Shinohara et al.,1998, JGR]
昼夜境界=電気伝導道が急激に変化するところ

日射領域のPi2が電離圏電流が関与していれば朝夕昼夜境界
付近でなんらかの変化が見られるはず

昼間側Pi2と電離圏電流
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Sunrise effect on Pi2 and Pc4 range wave
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LT at ASO

darkness sunlight

H is larger than D H is comparable with D

ASO H

ASO D

Saka et al. [JASTP, 1980]

複数観測点での同時観測はでは未だ検証されていない。
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朝側昼夜境界でのPi2 (21:50 UT on 16 September 2011)

Journal of Geophysical Research: Space Physics 10.1002/2013JA019691

Table 1. The Geographic and Geomagnetic Location of Each Station

Geographic Geographic Geomagnetic Geomagnetic LT (h) at

Station Code Latitude Longitude Latitude Longitude L 21:50 UT

MAGDAS/CPMN

HVD 48.01 91.67 43.51 164.05 1.90 3.9

PPI 42.98 131.73 36.27 203.74 1.56 6.6

PTK 52.94 158.25 46.17 226.02 2.12 8.4

ASB 43.46 142.17 36.43 213.39 1.54 7.3

AMA 28.17 129.33 21.11 200.88 1.15 6.5

DAW −12.41 130.92 −21.91 202.81 1.16 6.5

TWV −19.63 146.86 −28.73 220.30 1.30 7.6

INTERMAGNET

LZH 36.10 103.84 30.21 175.91 1.34 4.8

KAK 36.23 140.19 27.47 209.23 1.26 7.2

HON 21.32 202.00 21.67 269.52 1.16 11.3

AMS −37.80 77.57 −49.10 138.34 2.33 3.0

LRM −22.22 114.10 −33.57 185.18 1.44 5.4

TUC 32.17 249.27 39.84 314.19 1.78 14.5

BSL 30.35 270.37 41.50 339.93 1.70 15.6

SJG 18.11 293.85 28.79 9.83 1.30 17.4

CLF 48.02 2.27 43.67 79.68 1.91 22.0

TAM 22.79 5.53 9.22 78.37 1.03 22.2

darkness and sunlight, D oscillations in the Northern Hemisphere are in antiphase with D oscillations in the
Southern Hemisphere. The amplitude of the D component was greater than that of the H component except
for HON, which was located near noon.

Figure 3 shows the hodograms of the horizontal magnetic oscillations at different stations in both
hemispheres (HVD, LZH, PPI, ASB, AMS, LRM, DAW, and TWV). To make these hodograms, we used the
data between 21:50 and 21:54 UT that were band-pass filtered in the period range from 40 to 150 s. The
hodograms show that the Pi2 pulsations around the terminator are polarized in D direction. The major
axes of the wave polarization show nearly a mirror image of one another with respect to the equator as
well as with respect to the meridian at the sunlit side slightly beside the dawn terminator. The major
axes in the dark Northern Hemisphere and the sunlit Southern Hemisphere are oriented in the northwest
quadrant, while those in the sunlit Northern Hemisphere and the dark Southern Hemisphere are oriented
in the northeast quadrant. The major axes rotate clockwise with sunrise reference time in the Northern
Hemisphere and counterclockwise in the Southern Hemisphere. It is suggested that the major axis is

Figure 1. Map of the stations and the terminator at 21:50 UT on 16
September 2011. The solid curves are the locations of the terminator at
three different altitudes: 0 km (yellow), 100 km (red), and 200 km (blue).

oriented in the north-south direction
between LZH and PPI in the
Northern Hemisphere and between
LRM and DAW in the Southern
Hemisphere. It seems that the
minimum of the D amplitude was
located near the dawn terminator.

2.2. Other Examples
Figure 4 shows three other events
that show similar D component phase
reversal and azimuthal polarization
on the dawn side. For all three
events, HVD and LRM were located in
darkness, while ASB and TWV were
located in sunlight. The amplitude of

IMAJO ET AL. ©2015. American Geophysical Union. All Rights Reserved. 2090

Journal of Geophysical Research: Space Physics 10.1002/2013JA019691

Figure 2. (a) AL index, the (b) H component, and (c) D component magnetic variations around the dawn terminator at
21:50 UT on 16 September 2011. The arrow in Figure 2a indicates the timing of the Pi2 event. ΔTsr is the time difference
between the sunrise time defined at 100 km in altitude and the event time, where negative values indicate that a station
was in darkness while positive values indicate that a station was in sunlight.

D oscillations at the sunlit stations (ASB and TWV) exceeds those of the H oscillations in all the events. The H
oscillations are in phase in each event. On the other hand, all events show an antiphase relationship of the
D oscillations between HVD and ASB in the Northern Hemisphere and between LRM and DAW in the
Southern Hemisphere.

Figure 3. The hodograms of the horizontal component of the magnetic field observed on the dawn side filtered in the
period range from 40 to 150 s. The red circles show starting points of the hodograms.

IMAJO ET AL. ©2015. American Geophysical Union. All Rights Reserved. 2091

Imajo et al. [JGR, 2015]

• H成分はほぼ同位相。 
• 昼夜境界付近を境にD成分の位相が反転する。 
• 日陰、日射領域共に、南北半球でD成分の位相が反転する。

H component (North-south) D component (East-west)

100 km 0 km
200 km
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• D-component oscillations in the dark and sunlit 
hemispheres were in antiphase, whereas the H 
component oscillated in phase.

• At the sunlit stations (ASB, TWV), D-component 
amplitudes were larger than the H-component amplitudes.

Imajo et al. (2015, JGR)

朝側昼夜境界でのPi2 (その他の例)
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朝側ASBのD成分とそのとき夜側にあるTAMのH成分の位相差を計算した

• D成分の位相反転のタイミングはは地方時(b)よりむしろ 
日の出からの時刻(b)に従う。

• D成分の位相反転は100km高度の昼夜境界の約0.5時間昼間側で起こる。

darkness sunlight

Imajo et al. (2015)

統計解析 (位相反転のタイミング)
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Figure 7. Three examples of the Pi2 pulsations observed around the dusk terminator in the Northern Hemisphere. (top row) The AL index with arrows indicating
the timing of each Pi2 event. (middle and bottom rows) The H and D component magnetic data, respectively, filtered in the period range from 40 to 150 s.

0.5 ≤ ΔTsr ≤ 2 this percentage dramatically decreases to 7%. On the other hand, the timing of a jump of
cross phases in the LT dependence shown in Figure 5b is not clear, and cross phases are scattered around
0◦ and 180◦ in the local time between the sunrise time at the summer solstice (red vertical line) and at the
winter solstice (cyan vertical line). The percentage of the cross phase around 180◦ gradually decreases with
the local time. These results indicate that the phase reversal of the D component is related to the location of
the dawn terminator rather than to the local time.

3. Pi2s Observed Around the Dusk Terminator

We also investigated Pi2s on the dusk side for the event on 16 September 2011, when the dusk terminator
was located over the Atlantic. Figure 6 shows H and D component magnetic variations from Northern
Hemisphere stations on the dusk side and the HVD station in the postmidnight sector as a reference station.
The sunset reference time (ΔTss) is defined here as the difference between the sunset time at each station
and the event time. Negative values indicate that a station was in sunlight, while positive values indicate
that a station was in darkness. Unlike the dawn side, the amplitude of the H component is larger than the
D component. The D component amplitude at the SJG station, the nearest station from the dusk terminator,
is relatively small. The H component oscillations are nearly in phase as we found for the dawn side. The
oscillations in the D component show a phase reversal between the BSL and CLF stations. This phase
reversal should be distinguished from the D component phase reversal around midnight reported by
previous studies [Lester et al., 1983; Li et al., 1998]; in this event the midnight phase reversal occurred
between CLF in the premidnight sector and HVD in the postmidnight sector.

We also searched events that show the D component phase reversal on the dusk side. Three examples in
the Northern Hemisphere are shown in Figure 7 in the same format as Figure 4. The amplitude of the
H component is larger than that of the D component at HVD and LZH, the stations closer to noon. The H
oscillations are in phase in each event. The D oscillations at HVD are in antiphase with the D oscillations at
PPI, although the waveforms at LZH located between these two stations are rather ambiguous. The phase
reversals take place approximately 2 to 3 h before sunset. However, the phase reversal is ambiguous as

IMAJO ET AL. ©2015. American Geophysical Union. All Rights Reserved. 2094

relative location of stations 

equator

dusk terminator

HVD
ASBLZH

PPI
• 日の入境界から約2-3時間昼間側でD成分の位相の
反転が見られる

• 位相の反転する経度から昼間側のD成分の振幅は非
常に小さい

05−Sep−2011 08:22:0003−Sep−2011 10:02:0023−Aug−2011 10:12:00

Event D Event E Event F

夕方側昼夜境界付近のPi2

Imajo et al. [JGR, 2015]



ASB (TWV)

HVD (LRM)

オーロラ帯

?

カレントウェッジ振動モデル 
[Lester et al., 1983]

大体こういうcurrent closureになっているはず

多点磁場観測を用いた等価電流分布から検証

昼夜境界付近のPi2の解釈

電流の摂動

磁場の摂動

dawndusk



Pi2の等価電流の定義
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水平成分に関して主軸に沿った変動のみに注目する

水平成分の磁場変動(                    )の極大時に関し
て等価電流の方向をマッピングする

90°時計回りに回転

地上磁力計

電離圏電流 磁場変動
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AL index, 昼間側Pi2の波形 (23:10 UT on 2 February 2012)

• 水平方向の振幅のピークはほぼ一致する 
• 午前-午後でD成分の位相が反転 
• D/H振幅比は午前側が大きい

Pi2 onset
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Equivalent currents at the first local maximum
①

• The meridional component of equivalent current vectors are directed 
equatorward in the prenoon sector and poleward in the postnoon sector.

• The meridional component in the postnoon sector is smaller than in the 
prenoon sector.



Time variation of equivalent current
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① ②
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• 午前午後で赤道方向に出入りするような逆成分の南北成分電流が見られる
• 午前側でより南北電流の卓越した非対称性が見られる
• 電流系形状を維持したままPi2周期で振動している
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FIG. 1. LATITUDINAL PROFILESOFTHREE COMPONENTSOF THE 
HEIGHT-INTEGRATED CONDUCTIVITY TENSOR IN THE NOON- 

MIDNIGHTMERIDIAN. 

tivity tensor are shown in Fig. 1. In the equatorial 
region where all components show sharp gradients, the 
following assumptions are used : 

C,(90*) = 2&.(89”), 

C,,(89”) = X,(88”). 

The profile of C,, is not shown for B > 89” in Fig. 1 
because it decreases from a finite value at 8 = 89” to 
zero at 0 = 90”. 

The magnitude of j,, in equation (3) is taken so 
that the magnetic variation at the dayside equator be- 
comes about 10 nT. It is much smaller than the Region 
1 field-aligned currents for the most quiet times 
(LX _ > 6.0 x lo-’ A m-’ for K, = 0 (Iijima and 
Potemra, 1976)). Hence, it is assumed that j,, does 
not change the conductivity in the source current 
region. 

Successive over relaxation method is used to get 
potential values at 48 x 131 grid points (every 7.5” for 
longitude and every 1.0” outside the source region and 
0.2” inside it for latitude) taking the relaxation 
coefficient of 1.5. 

The effect of the induction current in the Earth is 
neglected. 

RESULTS AND DISCUSSION 

The global distribution of ionospheric current 
vectors is presented in Fig. 2. Although the conductivity 
model and the source currents are symmetric and 
antisymmetric with respect to the noon-midnight 
meridian, respectively, the current pattern is asym- 
metric. In this situation, 0 components of the Pedersen 
and Hall currents are antisymmetric and symmetric 
and Cp components of them are symmetric and 
antisymmetric with respect to the noon-midnight 
meridian, respectively. Both components of resulting 
currents are, therefore, asymmetric with respect to the 
meridian. 

The shaded zone between 70 and 80” indicates the 
source current region where the field-aligned current 
flows into the ionosphere in the afternoon side and out 
from it in the morning side. The ionospheric current 
diverges from the source region in the afternoon side 
rotating its direction clockwise and converges to the 
one in the morning side anticlockwise. The rotation of 
the current vector is due to the Hall conductivity and 
especially notable in high latitudes where X, is larger 
than Z, and XM (see Fig. I). 

The sense of the rotation is roughly consistent with 
the equivalent current system given by Nagata and Abe 
(1955). In high latitudes, the magnetic field at the 
ground produced by the Pedersen currents is 
approximately cancelled by that due to the field- 
aligned currents (Fukishima, 1971) and the pattern of 
ionospheric currents effective for the magnetic 
variation at the ground will be more like the equivalent 
current system which closes in the ionosphere. 

Solid and dashed curves in the figure are the 
demarcation lines for the reversal of the signs of the 

FIG .  2. GLOBALDISTRIBUTIONOF THE IONOSPHERIC CURRENTS 
FORTHEREALISTICCONDUCTIVITYMODEL. 

The shaded zone is the source-current region. 

夜側に局在したFACでも同様の昼間側電離圏電流系が出来るのか?

Tsunomura and Araki [PSS, 1984]
Yoshikawa et al. [AGU fall meeting, 2012]

昼間側Pi2の等価電流はdawnとduskにFACを置いた
時の昼間側電離圏電流系とゆがみ方がよく似ている

電離層電流系の数値計算



 Ionospheric current derived by global potential solver 

We solve ionospheric potential 　 produced by fixed FACs in 
a similar frame work of Nakamizo et al. [2012]

We derive ionospheric current       from and

upwarddownward

• Time-variable effects are negligible.
• Relative value of outputs does not depend on the magnitude of FACs.
• Conductivity tensor are calculated by the same method as Nakamizo et al. with input 

parameters at the case study event. This method includes the modifications by auroral 
precipitation [Hardy et al., 1987] and equatorial Cowling conductivity [Tsunomura, 1999].

grid size : 514 (longitude) x 513 (latitude)
(The grid size of the figure is reduced by 1/8)
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Calculated ionospheric current distribution

• The zonal current reaches a peak at the equator because of higher 
conductivities modified by the Cowling effect.

• The simulated dayside current system shows the prenoon-postnoon 
asymmetry similar to equivalent current distributions of dayside Pi2. 

• The order of the current density in the dayside low-latitude region is 
approximately 1/100 of the current density in the nightside auroral region.



偏ったFAC配置の場合

•昼間側で閉じる電流系の非対称性に対するFACの非対称性の依存は小さい
•イベントごとのFACの構造は昼間側電流系にあまり影響しないと考えられる

対称な場合

夕方側寄り 朝方側寄り



Oscillatory FACs

Oscillatory current source

DawnDusk

auroral region

current perturbation
magnetic perturbation on the ground 

Pi2のグローバル電流系による解釈
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• 真夜中、真昼、朝夕昼夜境界付近では
逆向きに東西成分磁場変動が打ち消し
合い位相が反転する。

• 午前-午後のD/Hの振幅比の違いはFAC
によって作られる電離圏電流の歪んだ構
造から説明出来る。
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END 
Thank you for your attention
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