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[1] We statistically examined the plasmapause response to the southward turning of

the interplanetary magnetic field (IMF) using sequential global images of the
plasmasphere, in order to understand how the convection electric field propagates
to the inner magnetosphere. The extreme ultraviolet (EUV) imager on the Imager for
Magnetopause-to-Aurora Global Exploration satellite clearly observed inward motion
of the plasmapause driven by the southward turning of the IMF. We surveyed the
EUV data in the 2000–2001 period and found 16 events. Using the sequential EUV
images, we calculated the plasmapause radial velocity, and then estimated the time
development of the convection electric field at the plasmapause (Epp). Epp and the
solar wind electric field derived from the measurement by the ACE satellite had very
similar variations each other, but there surely was a time lag. Consequently, our research
indicates that the plasmapause response to the southward turning of the IMF takes
10–30 min. This timescale suggests that the convection electric field penetrates from
the magnetopause to the inner magnetosphere through the ionosphere.
Citation: Murakami, G., M. Hirai, and I. Yoshikawa (2007), The plasmapause response to the southward turning of the IMF derived
from sequential EUV images, J. Geophys. Res., 112, A06217, doi:10.1029/2006JA012174.

1. Introduction
[2] The plasmapause is the outer boundary of the Earth’s
plasmasphere which is a torus-shaped region filled with
cold plasmas in the inner magnetosphere. Decades of
observation show that the radial location of the plasmapause
generally moves inward during geomagnetic disturbance
periods. The inward motion is explained by a longstanding
hypothesis that the dynamics of the plasmasphere is controlled by the superposition of the corotation and convection
electric field [Nishida, 1966]. The enhanced convection
electric field triggered by the southward turning of the
IMF forms new E  B drift trajectories, and plasmas on
the plasmapause move inward along them [Chappell et al.,
1970].
[ 3 ] Some other mechanisms explaining the inward
motion of the plasmapause during geomagnetic disturbance
periods have been proposed. Lemaire [1974, 1985]
proposed that the centrifugal force drives the plasma
upwards and then produces a sharp density gradient along
the magnetic field lines tangent to the zero parallel force
(ZPF) surface. According to this mechanism, after an
increase in the level of magnetic activity the ZPF surface
shifts inward and the plasmasphere is peeled off in the post
midnight sector where the convection velocity is maximum
[Lemaire and Gringauz, 1998]. Carpenter and Lemaire
[1997] discussed the loss of plasmas through the flow from
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the plasmasphere into the underlying ionosphere during
periods of the enhanced convection. They indicated the
possibility of the mechanism involving dumping of plasmas
into the ionosphere based on the whistler data.
[4] Although it is not completely understood how the
convection electric field governing the dynamics mentioned
above propagates to the inner magnetosphere, a number
of observational studies have examined the ionospheric
response to the IMF. For example, the ionospheric convection responds to the IMF quickly (10 min) [Ridley et al.,
1998] and almost simultaneously at the whole ionosphere
[Kikuchi et al., 1996; Ruohoniemi and Greenwald, 1998;
Ridley et al., 1998; Lu et al., 2002]. Furthermore, using the
ground magnetometers, Hashimoto et al. [2002] examined
the response time of the convection in the inner magnetosphere to the enhancement of the ionospheric convection.
Their study suggests that the convection electric field
propagates from the dayside magnetopause to the nightside
inner magnetosphere through the ionosphere.
[5] With regard to experimental work on the plasmasphere, the conventional extreme ultraviolet (EUV) photometric experiments from an inside-out view, which had been
done intensively in the 1970s, suggested that the Earth’s
plasmasphere would be imaged by He II (30.4 nm) emission
[e.g., Johnson et al., 1971]. In the 1990s, the remotesensing method using the EUV emission became a powerful
tool to provide global perspectives on the plasmasphere
dynamics [Williams et al., 1992]. The fundamental technology to detect the EUV emission began with the He II
emission through a rocket experiment [Yoshikawa et al.,
1997]. The two-dimensional He II imaging of the terrestrial plasmasphere from its outside was first done by the
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Planet-B (Nozomi) spacecraft [Nakamura et al., 2000].
Yoshikawa et al. [2000a, 2000b, 2001] first presented
static EUV images of the plasmasphere and the inner
magnetosphere.
[6] Recent advances in satellite-based imaging techniques
have made it possible to routinely obtain full global images
of the plasmasphere. The EUV instrument on the Imager
for Magnetopause-to-Aurora Global Exploration (IMAGE)
satellite gave us complete sequential pictures (one image/
10 min) [Burch et al., 2001a, 2001b; Sandel et al., 2000,
2001]. Using these sequential images, Goldstein et al.
[2003b, 2003c, 2004a, 2005] and Spasojević et al. [2003]
identified the correlation between the inward motion of the
plasmapause and the southward turning of the IMF for
specific events. They found that the timescale of the plasmapause response to the IMF is about 30 min in their case
studies. Furthermore, Pierrard and Cabrera [2005, 2006]
presented the simulations of the plasmapause formation and
compared the predicted plasmapause positions with the EUV
observations. They remarked the correlation between the
inward motion of the plasmapause and the southward turning
of the IMF in numerical simulations. However, they did not
discuss the timescale of the plasmapause response to the IMF
in their studies.
[7] In this study, we statistically examine the plasmapause response to the southward turning of the IMF in order
to understand the propagation mechanism of the convection
electric field in the inner magnetosphere. We survey the
EUV data set in the period of May 2000 – December 2001
obtained by the IMAGE satellite (available at http://
euv.lpl.arizona.edu/euv/), and find the events showing the
clear inward motion of the nightside plasmapause. Finally,
we deduce the timescale of the plasmapause response to the
southward turning of the IMF.

2. Data Selection
[8] The EUV instrument on the IMAGE satellite imaged
the He+ distribution in the plasmasphere by detecting
resonantly scattered solar 30.4-nm radiation. The measured
brightness is directly proportional to the He+ column
density along the line of sight because the 30.4-nm emission
from the plasmasphere is optically thin [Sandel et al., 2001].
The EUV imager consisted of three cameras, and their
fields of view were overlapped to create a single image.
It produced sequential images of the plasmasphere every
10 min for generally 7 – 9 hours out of each 14-hour orbit,
with spatial resolution of 0.1 RE as seen from the apogee
(8 RE).
[9] Figure 1a shows two snapshots of the He+ plasmasphere, taken at 02:29 and 04:32 UT on 22 April 2001 by
the EUV imager. The black circle indicates the Earth and the
white arrow points sunward in each image. The shadow of
the Earth is seen in the antisunward direction, and the bright
arc at the Earth’s dayside limb is airglow from He and O+
[Burch et al., 2001a, 2001b]. The left side data are not
available because throughout the event the camera whose
field of view covered the duskside was usually turned off to
prevent sunlight from entering the camera [Goldstein et al.,
2005]. The white squares indicate the manually identified
plasmapause along the sharp brightness gradient.
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[10] On the assumption that the plasmapause is fieldaligned in the dipole magnetic field, the field line with the
minimum L (radial distance in the equatorial plane) along
the line of sight to each identified point is found. Then we
can map the plasmapause to the magnetic equatorial plane
along the field line, like Goldstein et al. [2003a]. There is
some subjectivity involved in manually extracting the
plasmapause. We repeated this manual extraction of the
plasmapause and calculated the dispersion of the identified
plasmapause locations. As a result, we estimated that the
uncertainty due to the subjectivity was about 0.2 RE, which
is consistent with that reported in Goldstein et al. [2003a,
2005]. Figure 1b shows the plasmapause locations at 02:29
and 04:32 UT on 22 April 2001 mapped to the magnetic
equatorial plane using this method. It is clear that the
nightside plasmapause at 04:32 UT is about 1.5 RE closer
to the Earth than that at 02:29 UT in Figure 1b.
[11] To investigate the inward motion of the plasmapause
driven by the southward turning of the IMF, we searched the
EUV data set in the period of May 2000-December 2001,
and identified 16 events according to the following criteria:
[12] – The northward IMF continued more than 10 min
before the southward turning.
[13] – The IMF turned southward more rapidly than
0.25 nT/min.
[14] – The southward IMF continued more than 10 min
after the turning.
[15] – The EUV instrument clearly observed the sharp
plasmapause on the nightside and the whole inward motion
of the nightside plasmapause in the field of view.
[16] Figure 2 shows an example of the variation of the
IMF BZ component (BIMF_Z) satisfying the above criteria,
measured by the MAG instrument onboard the ACE satellite [Smith et al., 1998] on 22 April 2001. The IMF turned
southward at 01:27 and 02:15 UT distinctly. We used 1-min
interval data set of the IMF. We estimated the arrival time of
every IMF at the average magnetopause (10 RE) from the
ACE position as follows.
[17] (1) We assumed that the every IMF measured by
the MAG instrument continued to propagate and arrived at
the magnetopause and that the magnitude and polarity of the
IMF did not change.
[18] (2) We used the solar wind velocity data simultaneously measured by the SWEPAM instrument on the ACE
satellite [McComas et al., 1998] and assumed the velocity
did not change. We calculated the arrival time of every IMF
at the magnetopause based on the position of the ACE
satellite.
[19] (3) We labeled every IMF the arrival time at the
magnetopause. This method provides more correct information than by simply assuming a constant velocity of the
solar wind.

3. Analysis
[20] In Figure 1a, the sharp He+ edge is identified in the
EUV image, and it corresponds to the plasmapause [Roelof
and Skinner, 2000; Goldstein et al., 2003a]. We mapped the
plasmapause in the EUV images to the equatorial plane, as
shown in Figure 1b. Using centered time differencing of the
sequential plasmapause positions, we calculated the plasma-

2 of 7

A06217

MURAKAMI ET AL.: PLASMAPAUSE RESPONSE TO IMF

A06217

Figure 1. (a) Images of the He+ plasmasphere taken by the EUV instrument on 22 April 2001. The black
circle indicates the Earth and the white squares indicate the manually identified plasmapause in the EUV
images. The left side data are not available. (b) The plasmapause of each image mapped to the magnetic
equatorial plane. The black squares indicate the manually identified plasmapause in the magnetic equatorial
plane, and the dashed circles are drawn at L = 2, 4, 6. The nightside plasmapause at 04:32 UT is about 1.5 RE
closer to the Earth than that at 02:29 UT.

pause radial velocity (Vpp) at the particular MLT where the
plasmapause was clearly identified and the inward motion
was most pronounced. For example, Figure 3 shows the
variation of Vpp at 2.1 MLT on 22 April 2001. Vpp has the
subjective error due to the subjectivity in manually extraction of the plasmapause (0.2 RE) as mentioned in the
previous section. Using this value, we estimated that the
average uncertainty in Vpp was about ±0.4 RE/hour, which is
consistent with that discussed by Goldstein et al. [2003a,
2003b]. As seen in Figures 2 and 3, BIMF_Z and Vpp have
very similar variations with a time lag.
[21] The solar wind and IMF impose an electric field
potential across the magnetosphere, driving the convection.
Therefore to examine the correlation between the plasmapause motion and the IMF turning, it is meaningful to
express both in electric field parameters. Figure 4 shows a
schematic diagram of the inward plasmapause motion in the

enhanced electric field. On the assumption that the plasmas
on the plasmapause move by E  B drift as described in
Figure 4, we represent the plasmapause motion as the
electric field parameter (Epp) defined as
Epp  Vpp  Bdipole ;

ð1Þ

where Bdipole is the equatorial dipole geomagnetic field. We
calculate Bdipole using a simple dipole formula, Bdipole =
BE/L3 (BE = 3.11  105 T). Epp approximately corresponds
to the convection electric field in the midnight region. The
variation of Epp is dominated by that of Vpp because Bdipole is
smooth. Similarly, we represent the variation of the IMF as
the electric field of the solar wind (Esw) defined as
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A06217

MURAKAMI ET AL.: PLASMAPAUSE RESPONSE TO IMF

Figure 2. The 1-min interval data set of the IMF Bz
component (in GSM coordinates) on 22 April 2001
measured by the MAG instrument onboard the ACE
satellite. We have compensated the arrival time of every
IMF at the average magnetopause (10 RE) from the ACE
position (213 RE), taking into account the variation of the
solar wind velocity.
where Vsw is the solar wind velocity. We used Vsw data
measured by the SWEPAM instrument onboard the ACE
satellite.
[22] Then we calculated the linear correlation coefficient
between Epp and Esw with various time delays, to investigate
the response time of the plasmapause to the IMF. Figure 5
shows the correlation coefficient on 22 April 2001. The
maximum value of the correlation is 0.73 when we assume a
16-min delay. Because of the interval of the EUV data set

Figure 3. Radial plasmapause velocity (Vpp) on 22 April
2001 at 2.1 MLT where the inward motion of the nightside
plasmapause was most pronounced. Vpp < 0 indicates that
the plasmapause moves inward. The prominent inward
motion of the plasmapause occurs in the period between
02:29 and 04:32 UT, and the locations of the plasmapause at
both times are presented in Figure 1. The error of Vpp due
to the manually extraction of the plasmapause is about
±0.4 RE/hour.
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Figure 4. A schematic diagram of the inward plasma
motion at the nightside plasmapause, in the convection
electric field enhanced by the southward turning of the IMF.
The dashed line indicates the previously formed plasmapause at the nightside. After the enhancement, the plasmas
on the previous plasmapause move inward as black arrows
along the newly formed E  B drift trajectories.
(10 min) and the subjective error in Vpp, the response time
calculated in our method has some uncertainty. For reference, therefore, the range of 90% of the maximum correlation value is displayed in Figure 5. Both Epp and 16-min
delayed Esw are shown in Figure 6, where Epp multiplied by
5 is displayed to show both quantities in the same magnitude. The number of 5 suggests that the solar wind electric
field penetrates in the inner magnetosphere by 20%. This is
consistent with the result of 10– 25% reported in previous
studies [Goldstein et al., 2003b, 2003c, 2004b, 2005]. As
seen in Figure 6, Epp and Esw are clearly correlated.

Figure 5. The correlation coefficient between the electric
field parameters at the plasmapause (Epp) and in the solar
wind (Esw) on 22 April 2001. The maximum value of the
correlation is 0.73 at a 16-min delay. The range of 90% of
the maximum correlation value is also displayed.
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Figure 7. The histogram of the time delay between Epp
and Esw listed in Table 1. It corresponds to the response time
of the plasmapause to the IMF variation.
Figure 6. Electric field parameters Epp (plasmapause) and
Esw (solar wind). The variations of Epp and Esw are
qualitatively the same as Vpp and BIMF_Z, respectively. Esw
is displayed with 16-min delay, which is the best correlated
time delay between Epp and Esw. Epp has been multiplied by
5 in order to show both quantities in the same magnitude.
[23] For the other events, we calculated the correlation
coefficient in the same way. Table 1 and Figure 7 show the
results. We regard the best-correlated time delay between
Epp and Esw as the timescale of the plasmapause response to
the IMF variation. There are four events in which the
maximum values of the correlation coefficient are below
0.5 in Table 1. Among four events, there is common aspect
that the IMF has a shortly periodical structure and therefore
there are several local maximum values in the correlation

coefficient. That decreases the overall maximum value in
the correlation coefficient. Nevertheless, these events also
imply that the plasmapause responded to the southward
turning of the IMF. We include these four events in our
results. Finally, our results indicate that the plasmapause
response to the southward turning of the IMF takes 10–
30 min, and average 18 min.

4. Discussion
[24] The timescale of the plasmapause response to the
southward turning of the IMF derived from the sequential
EUV images was studied for specific events. Table 1 shows
the results of the previously published case studies. For
example, Goldstein et al. [2003b] found that the response
time on 10 July 2000 is 30 min at 2.4 MLT, while it is

Table 1. The Event List Showing the Date, MLT Where we Calculated the Radial Plasmapause Velocity, the
Maximum Value of the Correlation Coefficient Between Epp and Esw, the Best Correlated Time Delay, Time
Delay Variation Among 90% of the Maximum Correlation Value, the Solar Wind (SW) Propagation Time From
the ACE Satellite to the Magnetopause in our Study, and Previously Published Studies
This study
Date

MLT

Correlation

Delay
(min)

29 May 2000
2 Jun 2000
3 Jun 2000
8 Jun 2000
10 Jul 2000
28 Jul 2000
5 Aug 2000
17 Aug 2000
28 Aug 2000
6 Feb 2001
22 Apr 2001
28 May 2001
1 Jun 2001
2 Jun 2001
21 Jun 2001
26 Jun 2001

4.0
0.0
0.2
3.0
2.0
0.4
0.0
2.0
1.5
1.6
2.1
2.8
3.0
1.0
3.0
3.0

0.79
0.67
0.46
0.47
0.68
0.51
0.49
0.54
0.58
0.66
0.73
0.51
0.59
0.59
0.58
0.45

21
23
0
22
28
23
19
19
13
10
16
18
0
24
15
29

Previous case study

90% range
(min)

SW propagation
(min)

16 – 27
18 – 28
0 – 20
17 – 27
13 – 41
19 – 28
13 – 26
7 – 33
7 – 21
3 – 34
9 – 28
0 – 38
0 – 26
18 – 32
6 – 27
24 – 50

61
54
57
44
60
56
51
62
43
70
60
46
71
58
43
52

a

Delay
(min)

SW propagation
(min)

30a

63b

27c

63

32d

55

32e

54.8

[Goldstein et al., 2003b].
b
Goldstein et al. [2003b] used the IMF data set measured by the Geotail satellite. They assumed the constant solar wind
velocity of 400 km/s and calculated the solar wind propagation time by 3.7 min based on the Geotail position (24 RE). We
extrapolated the propagation time from the ACE position (238 RE).
c
[Goldstein et al., 2005].
d
[Goldstein et al., 2003c, 2004a].
e
[Spasojević et al., 2003].
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28 min at 2.1 MLT in our study. Also, Spasojević et al.
[2003] reported that on 26 June 2001, the response time is
32 min, and by our method it is 29 min. The results of our
research for these two events are consistent with those of
their case studies. However, as shown in Table 1, the
response times on 2 June 2001 and 22 April 2001 in our
results are different from those reported by Goldstein et al.
[2003c, 2004a] and Goldstein et al. [2005] by 10 min. In
spite of using almost the same techniques to determine the
response time of the plasmasphere to the IMF as theirs, our
estimates show shorter response times than those in their
studies. These discrepancies would mainly result from the
difference in the method to compensate the propagation
time of the IMF from the satellite to the magnetopause.
Goldstein et al. [2003c, 2004a, 2005] assumed the constant
solar wind velocity. We also calculated the response time
using their method and found the same result. But in order
to calculate the correlation more precisely, we took into
account the variation of the velocity.
[25] The plasmapause response to the southward turning
of the IMF provides important information about the
complex coupling of the inner/outer magnetosphere, ionosphere, and solar wind. When the southward IMF arrives at
the dayside magnetopause, the convection electric field is
first enhanced in the ionosphere, driven by the polar cap
potential. Many observational studies have examined the
ionospheric response to the IMF [e.g., Hairston and Heelis,
1995; Ruohoniemi and Greenwald, 1998; Ridley et al.,
1998; Lu et al., 2002]. Ridley et al. [1998] investigated
the electric potential in the ionosphere using the ground
magnetometers, and found that the ionospheric convection
starts to change with a time lag of 8.4–13.6 min from the
arrival of the IMF at the magnetopause. In addition, the ionospheric convection occurs almost simultaneously (within
2 min) at all local times [Ruohoniemi and Greenwald, 1998; Lu
et al., 2002] and whole latitudes [Kikuchi et al., 1996]. After the
enhancement of the ionospheric convection, the enhanced
convection electric field would propagate from the ionosphere
to the inner magnetosphere along the magnetic field lines
[Hashimoto et al., 2002]. Using the ground magnetometers,
Hashimoto et al. [2002] found that the response time of the
convection in the inner magnetosphere to the enhancement of
the ionospheric convection takes 5–11 min. Totally, from the
observational studies of the ionospheric convection mentioned
above, we estimate that the propagation time of the convection
electric field from the dayside magnetopause to the nightside
plasmapause is 13–25 min. This timescale is consistent with
our result of 10–30 min.
[26] We need to discuss another possible propagation
mechanism. For example, the penetration of the convection electric field from the magnetopause to the inner
magnetosphere through the magnetotail is driven by the
magnetic reconnection. After the dayside reconnection,
the solar wind carries reconnected open field lines tailward. Then they reconnect again in the magnetotail and
the earthward convection flow is enhanced. Finally, the
enhanced convection electric field reaches the nightside inner
magnetosphere.
[27] We estimate the timescale that the convection electric
field takes to propagate to the inner magnetosphere through
the mechanism mentioned above. (1) We calculate the
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propagation time from the dayside magnetopause to the
reconnection point in the magnetotail, on the assumption of
the average location of the dayside magnetopause (XGSM =
10 RE) and the reconnection point in the near-Earth magnetotail (XGSM = 30 RE) and of the typical solar wind
velocity (Vx = 400 km/s). It will take 11 min. (2) We
assume that the velocity of the earthward flow from the
reconnection point is Vx =50 km/s, which corresponds to
the typical flow velocity in the plasma sheet reported in the
statistical studies of satellite observations [Huang and
Frank, 1986; Baumjohann et al., 1988]. The propagation
time from the reconnection point (XGSM = 30 RE) to the
nightside inner magnetosphere (XGSM = 5 RE) is estimated
by 53 min. Totally, we estimate that the propagation time
in this mechanism is 64 min. Furthermore, Nagai et al.
[2005] studied the magnetic reconnection in the near-Earth
magnetotail using the Geotail satellite data and found that it
starts 60 min after the southward turning of the IMF. Our
estimate is consistent with the timescale reported in their
study.
[28] In comparison between the two mechanisms, the
former mechanism is preferable to our result. Therefore
our study suggests that the convection electric field penetrates from the magnetopause to the inner magnetosphere
through the ionosphere. But this is not an exclusive mechanism. Further study is necessary.

5. Summary
[29] Using the sequential images of the plasmasphere
observed by the EUV instrument on the IMAGE satellite,
we examined the plasmapause dynamics. We have shown
that the plasmapause response to the southward turning of
the IMF takes 10 – 30 min, and average 18 min. It is
consistent with the timescale derived from the ionospheric
observations. Therefore it indicates that the electric field
penetrates from the magnetopause to the inner magnetosphere through the ionosphere. However, due to the limited
EUV data, we found only 16 events in our search. Future
observation of the plasmasphere by the SELENE satellite
from the lunar orbit [Yoshikawa et al., 1997] will give us not
only much more sequential images with higher time resolution but also a deeper understanding of the plasmasphere
dynamics from a different perspective.
[30] Acknowledgments. The authors would like to thank B. R Sandel
for his assistance in the processing of EUV data available at http://
euv.lpl.arizona.edu/euv/. We also thank N. Ness, C. Smith and the ACE
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