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Abstract We statistically examined the plasmapause location (Lpp) under quiet geomagnetic conditions
(Kp ≤ 1) using the electron density inferred from the Time History of Events and Macroscale Interactions
during Substorms (THEMIS) spacecraft potential for 2 year period (2008 and 2009). Five hundred forty-three
Lpp samples were identified under steady quiet conditions with Kp values ≤ 1 during 12 h prior to the
plasmapause crossing. From our large data set, we determined the medians and means of Lpp in L and
magnetic local time (MLT). They are located near geosynchronous orbit and nearly circular. The Lpp medians
show a slight bulge located in postdusk sector. Comparing with previous models, our median or mean Lpp

is extended ∼1–2 L from the Earth than the model Lpp along the local time from 0800 to 2400 MLT. That is,
Lpp locations in the previous models are underestimated during quiet geomagnetic conditions.

1. Introduction

The plasmasphere is a region in the inner magnetosphere filled with dense and cold plasma of ionospheric
origin. The region typically extends ∼4–5 Earth radii (RE) from the ionosphere along the magnetic equator.
The plasmasphere is bounded by a sharp density gradient region, called the plasmapause, in which the den-
sity gradient is a factor of 5 or more over an L distance smaller than 0.5 [e.g., Carpenter and Anderson, 1992].
Since the radial location of the plasmapause is controlled by a combination of the corotational and solar
wind-driven convectional electric fields, the size and shape of the plasmasphere depend on the level of geo-
magnetic activity. Empirical plasmapause location models [e.g., Chappell et al., 1970; Carpenter and Anderson,
1992; Moldwin et al., 2002; O’Brien and Moldwin, 2003] show a clear trend of decreasing plasmapause L shell
with increasing Kp.

A bulge in the dusk sector is expected from the effect of an interaction between convection and corotation
electric fields. This bulge has been observed to rotate toward noon and midnight with increasing and decreas-
ing geomagnetic activity, respectively [Carpenter, 1970; Higel and Wu, 1984; Moldwin et al., 1994]. During high
geomagnetic activity, the bulge is observed at the compressed dayside magnetopause [Kim et al., 2007]. The
dynamical evolution of the plasmaspheric bulge has been reported using the IMAGE/EUV data providing
global images of the plasmasphere [Goldstein et al., 2004]. However, some observational studies reported that
signatures of the bulge are not clearly formed in the dusk sector [e.g., Moldwin et al., 2002].

The location of the plasmapause is overlapped with the region of ring current and radiation belts. Thus, the
plasmapause location is one of the important parameters to understand the plasma properties in the inner
magnetosphere through particle-particle and wave-particle interactions [e.g., Gary et al., 1994; Summers et al.,
2007]. It has been reported that electromagnetic ion cyclotron (EMIC) waves interact with approximately MeV
electrons in the region near the plasmapause located at L = 4–5 [e.g., Nishimura et al., 2014]. Recently, Hyun
et al. [2014] suggested that the EMIC waves excited near the plasmapause located near geosynchronous orbit
play a significant role for relativistic electron loss into the atmosphere through strong pitch angle scattering
under quiet geomagnetic conditions.

In previous empirical plasmapause models using geomagnetic Kp index [e.g., Moldwin et al., 2002; O’Brien
and Moldwin, 2003], the estimated plasmapause is located within L = 6 under quiet geomagnetic conditions
(Kp ≤ 1). It should be noted that the number of plasmapause crossings under quiet geomagnetic conditions
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Figure 1. NSP as a function of the spacecraft potential (VSP) for all plasmapause crossing events. The solid line is the best
fit deduced from data points, and the two dashed curves indicate factor of 2 margins of error for the best fit. Small dots
indicate the individual plasmapause crossings, and two large dots indicate two case events presented in section 3.

in those previous models is very small compared to that under moderate geomagnetic conditions. Thus, the
estimated quiet time plasmapause locations may have a large uncertainty.

In our study we statistically examined the plasmapause location under quiet geomagnetic conditions (Kp ≤ 1)
using the electron density inferred from the Time History of Events and Macroscale Interactions during Sub-
storms (THEMIS) spacecraft potential. Two year period (2008 and 2009) was chosen for analysis because both
years were marked by extremely weak solar wind conditions. When Kp ≤ 1, 1103 plasmapause crossings were
identified , and 543 crossings out of them were identified under steady quiet conditions with Kp values ≤ 1
during 12 h prior to the plasmapause crossing. From our large data set, median and mean statistics are taken
in L and magnetic local time (MLT). We compare the median/mean plasmapause locations obtained in our
study and the locations estimated from previous studies [Gallagher et al., 2000; Moldwin et al., 2002; O’Brien
and Moldwin, 2003].

2. Data Set and Plasmapause Identification

In order to identify the plasmapause location under quiet geomagnetic conditions (Kp ≤ 1), we use
the total electron density (NSP) inferred from the spacecraft potential and electron thermal speed mea-
sured by the Electric Field Instrument [Bonnell et al., 2008] and electrostatic analyzer (ESA) instrument
[McFadden et al., 2008] on board THEMIS A, D, and E probes [Angelopoulos, 2008] in 2008 and 2009, when solar
activity is uncommonly weak. A computer code converting the spacecraft potential to the electron density is
developed by Nishimura et al. [2013] using the method proposed by Mozer [1973] and Pedersen et al. [1998].
The code has been provided from the THEMIS website (http://themis.ssl.berkeley.edu/software.shtml). NSP has
been used to identify the plasmapause [e.g., Li et al., 2010; Nishimura et al., 2013, 2014]. Takahashi et al. [2010]
validated NSP estimated from the spacecraft potential around the plasmapause using toroidal wave frequen-
cies (see Figure 9 in their study). It has been noted that NSP has an uncertainty within a factor of ∼2 [Pedersen
et al., 1998]. In order to examine whether the “factor of 2” uncertainty can be applied to the THEMIS data, we
plot NSP as a function of the spacecraft potential (VSP) for all plasmapause crossings identified in our study,
mentioned later, in Figure 1. The solid line is the best fit deduced from THEMIS data, and the two dashed curves
indicate factor of 2 margins of error for the best fit. The individual plasmapause crossings are shown by small
dots. The two examples shown in the next section are marked with large dots. For 2 < VSP < 3, NSP is good to
within a factor of 2. For VSP < 2 and VSP > 3, however, the data points are bounded by the two dashed lines,
implying that NSP is within a factor of 4. Since NSP has a factor of ∼2–4 uncertainties, we also use the electron
density (NESA) obtained from the electrostatic analyzer (ESA) density moment [McFadden et al., 2008] to iden-
tify the plasmapause. Comparing NSP and NESA, we can determine whether NSP increase is due to the increase
of the energetic electron flux or due to the increase of cold electrons (i.e., cold plasmaspheric plasmas) below
the energy cutoff (a few eV) of ESA.
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The location of the plasmapause is usually identified by a density gradient of a factor of 5 or greater over an L
distance smaller than 0.5. This criterion had been used to identify the plasmapause location in previous studies
[Carpenter and Anderson, 1992; Moldwin et al., 2002]. In this study, we use the same criterion used in previous
studies to determine the plasmapause, and the plasmapause is defined as the innermost sharp gradient in
density. This inner edge of the steep gradient is denoted as Lpp. A computer algorithm identifies a potential
Lpp for all inbound and outbound THEMIS A, D, and E orbits of the plasmasphere. In order to ensure that Lpp is
the boundary of the main plasmasphere, the examination of NSP and NESA data for the inbound and outbound
plasmapause crossings was done by visually reading the data. Multiple and structured plasmapause crossings
were not used in this study.

During the 2 year period (2008–2009) in our study, the data for 3737 inbound and outbound legs were
available. Using the selection procedure, we were able to determine Lpp for 2075 (∼55 %) out of the 3737
possible plasmapause crossings. In Moldwin et al. [2002], an identifiable plasmapause was observed on 73%
of the inbound and outbound trajectories. The lower percentage of Lpp identification on the inbound and
outbound legs in our study may be due to the interval of 2008–2009 in which geomagnetic activity was
unusually low. In the very quiet times, the plasma density distribution becomes very gradual in the radial
direction [Carpenter and Anderson, 1992]. Thus, such gradual plasmapause crossings were not satisfied from
our Lpp definition.

Under quiet geomagnetic conditions (Kp ≤ 1), we were able to determine 1103 (∼53%) Lpp out of 2075
plasmapause crossings. It is found that 534 (∼26%) out of 2075 Lpp crossings occurred under moderate
(2 ≤ Kp < 4) geomagnetic conditions. In order to compare the estimated Lpp from previous empirical models
[e.g., Moldwin et al., 2002], we also examined Lpp under “steady quiet conditions” with Kp values≤1 during 12 h
prior to the plasmapause crossing. Five hundred forty-three (∼49%) out of 1103 Lpp samples were identified
under steady quiet conditions.

3. Observations and Comparison With Previous Models

Figure 2a shows an inbound plasmapause crossing (case 1) by THEMIS D near midnight (MLT = ∼23.0) at
L = ∼6.3 on 19 May 2009. The blue and red lines indicate NSP and NESA, respectively. THEMIS D was in the
plasma sheet from the beginning of the plot (12:00 UT) to ∼12:24 UT and then moved across the plasma-
pause around 12:24 UT, which is clearly identified by a sudden increase in NSP (marked by the vertical dashed
line). At that time, Kp was 1−. The maximum Kp in the previous 12 h for this plasmapause was also 1−. Thus,
THEMIS D crossed the plasmapause under steady quiet geomagnetic conditions. According to the empirical
model by Moldwin et al. [2002] using Kp(12max) = 1, where Kp(12max) indicates the maximum Kp observed
in the previous 12 h prior to the plasmapause crossing, the plasmapause is located around L = 5.3, which is
∼1.0 L more inward than the location of the plasmapause shown in Figure 2. As THEMIS D was crossing the
plasmapause and entered the plasmasphere, the significant difference between NSP and NESA appeared for
the interval of ∼12:24–13:00 UT. This indicates that the spacecraft encountered cold plasmaspheric plasmas.

Figure 2b shows the energy spectra of electrons measured from ESA on board THEMIS D. The enhanced
electron flux in the energy range from 200 eV to 3 keV clearly shows an energy-dependent signature.
That is, lower energy electrons are injected more deeply toward the plasmapause than higher-energy elec-
trons. Those electrons are the plasma sheet electrons. Thus, the inner edge of the plasma sheet coincides with
the plasmapause location near midnight.

Figure 3 shows a dayside (MLT = 14.1) plasmapause crossing (case 2) at 13:34 UT (marked by the vertical dashed
line) on 1 September 2008 by THEMIS A . The Lpp was identified at L = 6.75, under quiet geomagnetic condition
(Kp = 1−). The maximum of Kp over the 12 h interval prior to the plasmapause crossing was 1+. Therefore,
this event was not included for the case under steady quiet conditions. There is an appearance of a significant
difference between NSP and NESA from 13:34 to 14:00 UT. Thus, we suggest that THEMIS A entered the main
plasmasphere at 13:34 UT. Similar to the energy flux signatures shown before the plasmapause crossing near
midnight shown in Figure 2b, there is a clear energy-dependent signature of electron flux in the energy range
of ∼200–800 eV before the dayside plasmapause crossing.

Figures 4a–4f show the location of the spacecraft in the L-MLT coordinates for the Lpp events under moderate
(2 ≤ Kp < 4), quiet (Kp ≤ 1), and steady quiet conditions (Kp ≤ 1 for 12 h before Lpp crossing). Figures 4g–4i
show the local time distribution of Lpp events for each geomagnetic condition. In Figures 4a–4c the individual
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Figure 2. Observations of the plasmapause crossing by THEMIS D on 19 May 2009. (a) Electron density (blue)
determined from the spacecraft potential and electron density (red) determined from the ESA particle data. (b)
Energy-time spectrogram of electrons. The vertical dashed line indicates the plasmapause crossing.

crossings of Lpp are shown by small dots. The large dots connected by a straight line are the medians of Lpp

events within 1 h MLT bin except for the region of 1800–2400 MLT under steady quiet conditions. Since the
number of samples is small in 1800–2400 MLT under steady quiet conditions as shown in Figure 4i, the median
statistics are made in 2 h MLT bin on that region. The radial bars connect the lower and upper quartiles for
each median, a blue circle indicates geostationary orbit (L = 6.7), and four magnetic L shells (L = 4, 6, 8,
and 10) are drawn with the dashed lines. Figures 4d–4f are plotted the same as Figures 4a–4c but mean Lpp

values are plotted in a given local time bin. We note that the longitudinal signature of Lpp medians for a given
geomagnetic condition is very similar to that of Lpp means.

Under moderate geomagnetic conditions, most of samples are bounded within L = 6 except for the region
from 1600 to 2000 MLT in which the data points are scattered considerably. The hourly medians/means for Lpp

samples show an asymmetry along the local time. The medians/means near midnight are slightly larger than
those near noon. This noon-midnight asymmetry was reported by Moldwin et al. [2002]. It is clearly shown

Figure 3. The format is the same as Figure 1 except for THEMIS A on 1 September 2008.

KWON ET AL. PLASMAPAUSE LOCATIONS FOR KP ≤ 1 7306
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Figure 4. The location of the spacecraft in the L-MLT coordinates for the Lpp samples under (a and d) moderate (2 ≤ Kp < 4), (b and e) quiet (Kp ≤ 1), and
(c and f) steady quiet conditions (Kp ≤ 1 for 12 h before Lpp crossing). (g–i) The local time distribution of Lpp samples under a given geomagnetic condition.
The blue circle indicates geosynchronous orbit. See the text for descriptions.

that there is a plasmapause bulge on the duskside. The median/mean values on the bulge are located near
geosynchronous orbit. This longitudinal distribution of the median/mean plasmapause is very similar to that
reported by Chappell et al. [1971] (see their Figure 1).

The data points for Lpp under quiet geomagnetic conditions are mainly distributed in the range between
L = ∼4 and L =∼8. There are many plasmapause crossings found at all local times of geosynchronous orbit.
This indicates that the plasmasphere extends to larger L values. Although there is a considerable spread of
the data, the hourly medians/means for Lpp are located near L = 6, and their longitudinal structure is nearly
circular. The Lpp medians show a slight bulge near 2000–2200 MLT sector, for which the medians of Lpp are
located above geosynchronous orbit. In that local time, the mean Lpp values are also slightly larger than the
geosynchronous L value.

KWON ET AL. PLASMAPAUSE LOCATIONS FOR KP ≤ 1 7307
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Figure 5. (a) A comparison of Lpp median values obtained from THEMIS observations under steady quiet conditions and
the estimated Lpp from previous models provided by Gallagher et al. [2000] (Global Core Plasma Model, GCPM), Moldwin
et al. [2002] (M02), and O’Brien and Moldwin [2003] (OM03) with Kp = 1. (b) The format is the same as Figure 5a but for
THEMIS Lpp mean values.

Figures 4c and 4f show the spatial distributions of Lpp for which the Kp conditions remained steady (i.e., Kp≤ 1)
for 12 h prior to the plasmapause crossing. The longitudinal structure of the median/mean Lpp under steady
quiet conditions is similar to that under quiet condition. At all local times the Lpp medians/means under
steady quiet conditions are larger than those under quiet conditions and distributed near geosynchronous
orbit. The median at 2100 MLT clearly show extended plasmapause radius above geosynchronous orbit.
This slight bulge is longitudinally extended from 1900 to 2300 MLT at geosynchronous orbit. The local time
width of the bulge and centroid of the bulge are similar to those reported by Higel and Wu [1984] under quiet
geomagnetic conditions.

4. Discussion

Under moderate geomagnetic conditions, the median values of Lpp show the plasmaspheric bulge in the dusk
sector. It is well known that the larger Lpp near dusk is due to a superposition of a corotational electric field
and a solar wind-induced electric field in the dawn-dusk direction in that local time sector. This dawn-dusk
Lpp asymmetry leads to longitudinally asymmetric nightside plasmapause. That is, the median locations of
the plasmapause in postmidnight are closer to the Earth than those in premidnight. It has been known that
the frequency of Pi2 pulsation is determined by the size of the plasmasphere and reported that Pi2 frequency
decreases as the plasmapause distance increases [Takahashi et al., 2003]. Kwon et al. [2012] observed that
the average Pi2 frequency spectrum for average Kp values of ∼2 shows a continuous structure, smoothly
increasing from ∼10 mHz in the premidnight sector to ∼20 mHz in the postmidnight sector (see Figure 16
in their study), and suggested that the local time dependence of Pi2 frequency is due to larger plasmapause
distance in premidnight than in postmidnight. Such a nightside asymmetry of the plasmapause distance with
respect to the Earth is confirmed in Figures 4a and 4d.

We found the relatively circular distribution of the median and mean Lpp located near geosynchronous
orbit during quiet geomagnetic conditions. This longitudinal structure is due to the fact that the Earth’s
corotational electric field dominates plasma flow at near geosynchronous orbit. Thus, the bulge plasma that
formed around 1800 MLT under moderate conditions rotates with the main plasmasphere and moves toward
later local times with decreasing geomagnetic activity. The appearance of the slight bulge near postdusk
(2000–2200 MLT) sector under quiet conditions in Figures 4b and 4c may be explained with this argument.

The main purpose of this study is to compare the estimated Lpp from previous models and the Lpp values
in our study. Figure 5 shows a comparison of Lpp median and mean values obtained from THEMIS observa-
tions under steady quiet conditions and Lpp derived from previous models provided by Gallagher et al. [2000]
(Global Core Plasma Model, GCPM), Moldwin et al. [2002] (M02), and O’Brien and Moldwin [2003] (OM03) with
Kp = 1. The error bars are marked with the radial lines. In previous studies the error bar indicates a degree
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of scatter from the slope determined by the linear fit to Lpp events selected under all Kp conditions. In our
study, however, the radial error bars are obtained from the Lpp events only under quiet geomagnetic condi-
tions (Kp ≤ 1). Thus, the meaning of the length of the radial “error” bars in our study is not the same as that in
previous studies.

Figure 5a shows that the Lpp values derived from GCPM are in good agreement with the Lpp medians from 1600
to 0300 MLT. At other local times, however, Lpp positions from GCPM are located earthward of the medians
about 1 L. Since our mean Lpp does not show a weak bulge in the postdusk sector as shown in Figure 5b,
there is a slight difference between GCPM model and Lpp means in that local time region. The Lpp locations
predicted by M02 and OM03 are similar to those from GCPM for the region between 0300 and 1600 MLT.
Therefore, M02 and OM03 models predict Lpp values about 1 L smaller than our Lpp medians and means. Since
there is no bulge signature on the dusk-midnight sector in both M02 and OM03 models, the difference of the
radial distance between the Lpp medians and model Lpp values increases as much as ∼2 L in the 2000–2200
MLT region. Thus, Lpp locations in previous models are underestimated during quiet geomagnetic conditions.

We suggest two possible reasons for the difference between our result from THEMIS spacecraft data and M02
study using the CRRES spacecraft data. First, the CRRES spacecraft had an apogee at the geocentric distance
of 6.3 RE with an inclination of 18∘. Thus, the spacecraft will miss the plasmapause formed above geosyn-
chronous orbit (i.e., L > 7). This is why M02 has a upper limit of L = 7 for the distribution of Lpp events during
quiet geomagnetic conditions (see Figure 4 in M02). Second, small number (about 20) of Lpp events distributed
in a large range between L = 2 and L = 7 during quiet condition (Kp ≤ 1) were used for linear fitting in M02.
This indicates that “steady quiet geomagnetic condition” (i.e., the maximum Kp in the previous 12 h ≤ 1) did
not occur frequently while the CRRES spacecraft was operated in 1990–1991 (solar maximum). As mentioned
above, however, our samples are taken from the solar minimum year 2008–2009. This solar minimum was
marked by periods of very weak solar wind conditions contributing to quiet geomagnetic conditions [e.g.,
Kwon et al., 2013]. We identified 543 Lpp events, which is a factor of ∼25 more Lpp events than M02, under
steady quiet geomagnetic conditions. Thus, we suggest that our median and mean Lpp statistics made in L
and MLT are not unreasonable.
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