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Abstract We perform a statistical comparison of the global behavior of the THEMIS observed and
simulated plasmapause in the geomagnetic equatorial plane. Simulation is based on the interchange
instability mechanism. Analyzing plasmapause positions (LPPs) from the period July 2008 to December
2012, we derived formation and propagation characteristics of the main plasmapause, which reflect the
most probable global plasmapause behavior. The results suggest a global eastward azimuthal plasmapause
propagation and a radial plasmapause motion limited to the 21–07 MLT sector. The formation of the
plasmapause takes place with the highest probability at postmidnight. It is likely that the erosion
occurs in a range of MLTs simultaneously. On the dayside, the plasmapause moves almost entirely
azimuthally. We suggest that the plasmapause propagates azimuthally with a mean angular velocity
close to the corotation speed at all MLTs, at least during periods of lower geomagnetic activity.
The results also show that the experimental plasmapause characteristics are in accordance with the
interchange instability mechanism. Along with the proposed suggestions for future works, this study
contributes to making a further step toward resolving some of the long-lasting, unresolved issues related
to plasmapause dynamics.

1. Introduction

Plasmapause is the outer boundary of the plasmasphere where the plasma characteristics change abruptly.
Since the plasma behaviors influence the inner magnetosphere (e.g., ring current and radiation belts), it
is important to know the location of the plasmapause as a function of time, thus, to understand physical
processes responsible for the plasmapause formation and evolution.

The novel missions, IMAGE, CLUSTER, and THEMIS have given a new insight into the plasmaspheric dynamics
and have revealed different unexpected plasmapause structures (e.g., plumes, notches, and shoulders) that
are mainly formed during the periods of enhanced geomagnetic activities. These data along with data from
ISEE and CRRES satellites have allowed for better understanding of the plasmasphere dynamics.

Relationships between plasmapause positions (LPPs) and/or solar wind parameters/geomagnetic indices
obtained with statistical studies (Bandić et al., 2016; Carpenter & Anderson, 1992; Liu et al., 2015; Moldwin
et al., 2002; O’Brien & Moldwin, 2003; Verbanac et al., 2015) have provided the plasmapause shapes for differ-
ent levels of geomagnetic indices. Many works have also been focused on studying specific events, usually
related to geomagnetic storms and, in general, were successful in explaining the observed plasmapause fea-
tures (e.g., Goldstein, Burch, et al., 2005; Goldstein, Sandel, et al., 2005; Pierrard & Cabrera, 2005; Pierrard
et al., 2008).

Although great progress has been made in understanding the plasmaspheric evolution and plasmapause
structure formation, the question of what causes erosion of the plasmasphere has still remained unanswered.

MHD models that have been used to study the plasmapause dynamics assume that the plasmapause corre-
sponds to the Last Closed Equipotential (LCE) of a stationary magnetospheric electric field (E field) or to the
Last Closed Streamline (LCS) of the time-dependent magnetospheric convection. The positions of the LCS
depend on the simulation initial conditions (e.g., the specification of initial plasmapause boundary or the
assumed simulation closure time). Initial plasmapause can be inferred from global plasmapause snapshot,
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for example, IMAGE EUV plasmapause images (Goldstein et al., 2002). Different simulation closure time gives
different plasmapause positions (Chen & Wolf, 1972; Lemaire & Pierrard, 2008). In the alternative theory for
the plasmapause formation, the theory of the interchange instability mechanism (Lemaire & Kowalkowski,
1981; Lemaire & Gringauz, 1998), the plasmapause is identified with a streamline tangent to the Zero Paral-
lel Force surface (ZPFS) where the field-aligned component of the centrifugal and gravitational acceleration
balance each other. Above this surface, the plasma becomes unstable at postmidnight where the convec-
tion electric field has the largest value. Additionally, in the postmidnight sector, the interchange velocity is
the largest and that causes the maximal erosion in these MLT sectors. Note that interchange velocity is pro-
portional to the centrifugal acceleration and inversely proportional to the Pedersen conductivity which are
maximal/minimal in postmidnight MLTs (see equation (2) in Lemaire & Kowalkowski, 1981). The interchange
instability mechanism enables not only to follow the plasmapause evolution but also to study the initial
plasmapause formation. Plasmapause position can be obtained just by knowing the geomagnetic activity
during the previous 24 h; thus, these simulations are not dependent on the assumptions taken at the initial
time of the simulation. For more details on these two physical mechanisms and their comparison the readers
are referred to the works by Lemaire and Pierrard (2008) and Pierrard et al. (2008).

Both of these theories have been quite successful in reproducing many different plasmapause structures
(e.g., notches, shoulders, and plumes) observed by EUV on IMAGE. However, direct comparison between these
theoretical models and EUV images performed for particular events have shown that none of the available
E field models allows for simulating in detail all of the plasmapause features. Usually, the electric field has
to be modified to obtain exactly what is observed in specific events. For instance, Goldstein et al. (2003)
included an additional E field distribution in their model related to subauroral polarization stream (SAPS) to
obtain a better fit between the observations of EUV IMAGE (2 June 2001 event) and the results of LCS simu-
lations. Pierrard et al. (2008) suggested that the effect of induced electric fields generated during the intense
geomagnetic storms caused the discrepancy between EUV observations and interchange instability simu-
lations with the E5D electric field for two studied storm events (8 October 2001 and 17 April 2002 events).
More recently, Murakami et al. (2016) have analyzed the first global meridian images of the plasmasphere
(1–2 May 2008 event) obtained with KAGUYA/TEX instrument. They showed that the plasmapause positions
at the postmidnight side observed from the meridian perspective are in agreement with those derived using
the dynamic simulations based on the interchange mechanism, with a plasmapause formation first near the
equatorial region.

Lately, Bandić et al. (2017) have indicated the great need for statistical comparison of observed LPPs with MHD
models, which include convection, rotation, and SAPS, and with simulations based on interchange instabil-
ity motion. In the present study, we focus on the latter suggestion, since simulations including interchange
are accessible to any user for a free run on the space weather portal (https://www.spaceweather.eu). We
have derived simulated LPPs (thereafter sLPPs) taking into account interchange instability mechanism. The
response of sLPPs to solar wind/geomagnetic activity indices (thereafter PP indicators) at different MLTs is
compared with the response inferred from experimental THEMIS-based LPPs (thereafter eLPPs) which embrace
period 2008–2012.

Note that in the present study, for the first time, the theoretical results are compared with large statistical
plasmapause sample. The great advantage of our approach and statistical analysis (explained in the next
section) is that it (i) allows to investigate global processes of plasmapause formation and propagation that
are still not well understood despite new insights obtained in last decade; (ii) allows to derive global plasma-
pause characteristics by using plasmapause positions obtained over the large time period, although for any
chosen date THEMIS measurements do not provide eLPPs in all MLTs for every UT hour; (iii) does not require
sequences of plasmapause images; (iv) can show the most important physical effects on plasmapause forma-
tion and propagation. In such a way, our study contributes to constraining the physical mechanism by which
the formation of the main plasmapause is triggered.

In the next section, we introduce the data sets and methods used for the analyses. Characteristics and com-
parison of the employed data sets are given in section 3. In section 4 we present and discuss the obtained MLT
dependence of the simulated plasmapause, which is then compared with THEMIS observations in section 5.
Discussions and conclusions are given in sections 6 and 7, respectively.
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2. Data and Method

The following data sets are used for the period 2008–2012: (1) THEMIS-based LPPs (eLPPs); (2) LPPs obtained
from numerical simulations based on the interchange instability mechanism (sLPPs); (3) hourly values of geo-
magnetic indices AE (auroral electrojet index) and Dst (storm time disturbance index), and 3-hourly values of
Ap (planetary geomagnetic activity index); (4) hourly values of solar wind parameters: velocity V , southward
component of the interplanetary magnetic field (IMF) vector Bs (Bs is zero for Bz > 0, Bz is the z component
of the IMF vector in Geocentric Solar Magnetospheric coordinate frame), BsV related to the y component of
interplanetary electric field vector, and the Newell function (Newell et al., 2007) that includes different physical
processes responsible for the magnetospheric activity such as the rate at which IMF field lines are convected
toward the magnetopause, the fraction of field lines merge, the length of the merging line, and the amount
of the opened flux. More details on importance of this solar wind coupling function (here PP indicator) are
given in Verbanac et al. (2015) and Bandić et al. (2016).;

We used the same 6,840 eLPPs as in Bandić et al. (2017), which are obtained from measurements of the electric
field instrument (EFI) and the electrostatic analyzer (ESA) on board THEMIS A, D, and E satellites. They define
the plasmapause as the innermost sharp density gradient (dn/dr where n is density and r is radial distance)
of at least a factor of 15 within a radial distance of 0.5 RE . To distinguish the plasmasphere from the possible
significant density structures outside the plasmapause (indicated by, e.g., Gallagher et al., 2005; Horwitz et al.,
1990; Sandel et al., 2003; Sheeley et al., 2001), they required an additional condition that the density level itself
prior to the drop is ≥ 100/cm3 at all L shells. More details about the plasmapause identification are given in
Cho et al. (2015).

The second LPP data set is derived from numerical simulations based on interchange instability mechanism
available at the space weather portal (https://www.spaceweather.eu) (Pierrard & Lemaire, 2004; Pierrard &
Stegen, 2008). The program retrieves the geomagnetic index Kp for any chosen date and time (T0) and
of the preceding day. Then, the position of the plasmapause is calculated, assuming the corotation, the
Kp-dependent convection electric field model E5D (McIlwain, 1986), and the associated magnetic field model.
In the simulations, plasma elements with density smaller than the background density are launched in the
equatorial plane. Due to the interchange motion, these elements automatically go to the ZPFS and after about
24 h, the plasmapause values are stable and are not dependent on any initial conditions. Thus, the plasma-
pause at any chosen time is determined by the interchange mechanism and by the history of geomagnetic
activity during the previous 24 h. Simulations start at 02 MLT because the ZPFS penetrates to the lowest radial
distance around that MLT due to the largest E5D values there (see, e.g., Figure 2 in Lemaire & Pierrard, 2008).
For each simulation, we have chosen the input ionospheric velocity to be that of the corotation. We perform
the simulations for randomly taken 68 days within the studied time span. At least 1 day per month is consid-
ered. For each day, at all UT hours, one sLPP within each 1 h MLT bin is randomly extracted resulting in 600 sLPPs
per day (24 MLT × 25 UT). Note that we have 25 UT hours within 1 day, because we consider the 00 UT of the
first day and 00 UT of the second day as well. Thus, simulations have perfect UT-MLT coverage (1 h space-time
resolution: space resolution of 1 h bin MLT, 1 h UT time resolution). More about the characteristics of this data
set is given in the next section.

As an example of the simulation output, in Figure 1 we present plasmapause in the geomagnetic equatorial
plane at five instants of time of 9 August 2008. This chosen date that starts at T0 = 00:00 UT is denoted as
“day 2” as the Kp history of the previous 24 h is taken into account.

The time difference between each panel is 2 h. The geomagnetic Kp index is also displayed. As can be seen
in this figure, the simulation does not stop after one full cycle at 02 MLT but continues farther up to 05 MLT.
Thus, each simulation covers 27 MLTs providing two sLPP branches between 02 MLT and 05 MLT. Therefore,
the largest possible number of sLPPs per simulation is 675 (27 MLTs × 25 UTs). However, we were not able to
retrieve all the potential sLPPs in every simulation due to the occasional gaps in the plasmapause. Gaps are
caused by the loss of some of the plasma elements at large Kp jumps (e.g., sudden increase from Kp = 3 to
Kp = 5), while in the case of Kp = 0, no sLPP at all can be inferred from the simulation. We develop the data
set which contains 41,113 sLPPs. In the following the branch from 02 MLT to 02 MLT is referred as the first
simulation cycle, and the branch 02–05 MLT is referred as the second simulation cycle. Note that the branch
related to the second simulation cycle is farther from the planet when Kp increases (as in the shown example),
but is closer to the Earth when Kp decreases. This is related to plasmapause formation and is explained in
more detail in section 4.
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Figure 1. An example of the simulation output: plasmapause at five different UT of 9 August 2008 and the Kp index. For more details see text.

The response of the simulated plasmapause to various PP indicators at different MLTs is investigated by apply-
ing the cross-correlation (thereafter CC) analysis. The CC coefficients are obtained using the equation (10)
given in Kwan (2009). All CC functions are derived up to a time lag (Tlag) of 30 h with a step of 1 h (the applied
data resolution), the same as proposed by Verbanac et al. (2015). In the following, Tlag is referred to as the time
the plasmasphere needs to react to the changes of the E field in the specific MLT sector. The initial Tlag is the
time needed for the first plasmapause reaction to the changes in the E field (and additionally, the propaga-
tion time from the satellite to the magnetopause when solar wind data are used). The simulated sLPPs from
the first and second simulation cycles are analyzed separately; thus, in sectors 02–05 MLT we have two dif-
ferent CC curves. The obtained results are discussed in section 4 and then the importance of considering the
sLPPs from both cycles will become clear. The same analysis is made with experimental, THEMIS-based eLPPs,
and then the comparison with theoretical CC curves is performed.

As in Bandić et al. (2017), to investigate the propagation of the plasmapause we use here the mean angular
velocity defined as

𝜔IM =
ΔTresolution

ΔTlag

[h]
[h]

(1)

where ΔTresolution is the interval length of the MLT bin and ΔTlag is the difference between the Tlag of the ana-
lyzed MLT bin and of the previous MLT bin. Since data are binned in 1 h MLT bins (00–01 MLT, 02–03 MLT, … ,
23–24 MLT) the ΔTresolution is 1 h. The 𝜔IM is expressed as a fraction of the Earth’s angular rotation speed.

3. Characteristics and Comparison of the Employed Data Sets
3.1. Characteristics of Experimental and Simulated Data Sets
In the studied period, THEMIS observed a plasmapause on average 4 times per day. For any hour of the chosen
date, it is possible to obtain at most three eLPPs in some of the 1 h MLT bins due to the orbit constellations of
THEMIS A, D, and E satellites. Consequently, we do not have a sequential time series of eLPPs. MLT distribution
of the eLPPs is given in Bandić et al. (2017), Table 1.

The works by Verbanac et al. (2015), Bandić et al. (2016), and especially work by Bandić et al. (2017) based on
different satellites (CLUSTER, CRRES, and THEMIS, respectively) have all distinguished the MLT sectors of the
plasmapause formation and eastward plasmapause propagation. They examined the absolute maximum of
the CC curves but did not investigate the systematic behavior of the curves. In the present work, we recog-
nize that the whole THEMIS-based CC curves, not only the peak values, reflect the plasmaspheric dynamics.
Consequently, we sought for the simulated data set that facilitates recognition of the observed plasmapause
characteristics (as rotation and formation), which thus enables to obtain reliable CC curves. First, we perform
the preliminary analysis with simulations. The sLPPs of individual events (as, e.g., the one shown in Figure 1)
were inspected to check if the simulations reproduce the plasmapause characteristics indicated by the exper-
imental data sets. All cases revealed MLT sectors of the plasmapause formation and eastward plasmapause
rotation. To study these features statistically in detail, a data set that contains plasmapauses that are close both
in time and space is the most favorable one. Therefore, we created the simulated data set extracting plasma-
pause from sequential UT snapshots with complete MLT coverage (as explained in the previous section). To
obtain reliable CC curves we increased the amount of the data and repeated the simulation until the shape of
the CC curves stopped to change. The analysis of such simulated data set can help to interpret the statistical
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Figure 2. Location of the (left column) eLPPs and (middle column) sLPPs in 1 h MLT bins as a function of Ap is shown as green dots divided into four different Ap
levels. Overlaid onto these figures are the mean of the plasmapause in each 1 h MLT bin (depicted as red) and the std (depicted as dashed blue). The mean eLPP
(depicted as greenish-blue) and sLPP (depicted as purplish-red) locations are shown together in the right column.
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results obtained from real observations. If we chose to extract the plasmapause at the times that are close
to that of the experimental plasmapause (note that UT hour of the sLPP and eLPP can differ up to an hour, as
the measurements are at an arbitrary time and the simulations at every full hour), we would indeed create
the data set similar to CLUSTER, CRRES, and THEMIS data sets that all lack in ample and uniform MLT-UT data
coverage. Thus, the CC curves derived using such simulated data set would be oscillatory and would not be
stable. This issue is discussed in more detail in section 5.

3.2. Comparison of the Experimental and the Simulated Data Sets
In order to compare experimental and simulated plasmapause positions, which differ both in number and
UT, we group the data according to the value of the Ap index. Data are divided into four levels of Ap: 0–4
(group I), 4–7 (group II), 7–15 (group III), >15 (group IV). Note that the Ap values are values at the strongest
correlation in the interval of 30 h preceding the LPPs. These values are generally lower than the maximum
Ap values in the interval prior to LPPs, which have been commonly used by previous modelers (e.g., Moldwin
et al., 2002). The largest Ap values are Ap = 207 and Ap = 111 for simulated and for experimental data sets,
respectively. Number of data within each group (from I to IV) is as follows: group I: 3,087 eLPPs, 10,058 sLPPs;
group II: 1,976 eLPPs, 11,774 sLPPs; group III: 1,115 eLPPs, 8,089 sLPPs; group IV: 662 eLPPs and 6,527 sLPPs. As the
geomagnetic activity level increases, the number of data decreases. A small exception is group II of the simu-
lated data set which contains more data than group I. This occurred because the simulations are performed
for randomly taken 68 days within the studied period. Note that group IV (Ap> 15) contains less than 10% of
overall data for the experimental data set and less than 18% for the simulated data set. Moreover, within this
group, the number of data further decreases as geomagnetic activity increases (e.g., for Ap values between
80 and Ap = 111, the experimental data set contains only nine eLPPs). Thus, the majority of the plasmapause
positions are related to the very low geomagnetic activity. Indeed, THEMIS data set includes only 30 moderate
and 9 great storms.

Figure 2 (left and middle columns) examines how the location of the eLPPs and sLPPs (depicted as green dots)
varies as a function of Ap and MLT. Overlaid onto these figures are the mean of the plasmapause in each
1 h MLT bin (depicted as red) and the standard deviations (thereafter std, depicted as dashed blue). The mean
eLPP and sLPP locations are shown together in Figure 2 (right column). For a given level of Ap, the eLPP is essen-
tially circular as expected since most plasmapause positions are related to the very low geomagnetic activity.
Namely, many studies have obtained plasmapause without pronounced bulge at the times of low geomag-
netic activity (e.g., Bandić et al., 2016; Kwon et al., 2015; Liu & Liu, 2014; O’Brien & Moldwin, 2003). Simulations
also give the circular sLPP for a fixed geomagnetic activity level. Both eLPPs and sLPPs move closer to the Earth
when Ap increases. When all MLT sectors are taken together, the mean eLPPs are 4.8, 4.4, 4.1, and 3.6 for groups
I–IV, respectively. The corresponding mean sLPPs values amount for 4.6, 4.4, 4.1, and 3.7. The mean eLPPs and
sLPPs are close to each other within each group. Note that the change of the activity level does not give a
very large difference in the mean plasmapause, since the transitions between each level are actually very soft.
The mean eLPP and sLPP in each MLT bin at all activity levels are also very close as can be seen in Figure 2 (right
column). At all considered activity levels and at all MLTs the scatter about the mean (characterized by std) is
larger for eLPP than for sLPP. Namely, when all MLT sectors are taken together the mean std for eLPPs are 0.8,
0.7, 0.7, and 0.6 for groups I–IV, respectively. For sLPPs the mean std values are 0.2 for groups I–III and 0.3 for
group IV. For both eLPP and sLPP, there is no significant difference in the variability about the mean in different
MLT sectors.

In summary, the simulation results are in agreement with the real data. Larger MLT-L scatter of the eLPP may
be in part due to the errors in the electric field instrument and the electrostatic analyzer measurements that
lead to the uncertainty in eLPPs determinations but can also mean that some other mechanisms (other than
interchange) were acting and influencing the real data and that there are other parameters than Ap controlling
the plasmapause. Note also that the simulated radial distance and the shape of the plasmapause depend on
the used empirical convection electric field model (here E5D that uses the Kp ∼ Ap as the input parameter)
that is only an approximation of the actual field distributions.

4. MLT Dependence of the Simulated Plasmapause

In this section, we discuss the CC functions obtained using simulated sLPPs. In Figure 3 (first figure column or
first two columns for sectors 02–05 MLTs) and Figure 4 (first two columns for sectors 02–05 MLTs) we show
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Figure 3. Cross-correlation function describing the AE-LPP relationship for each 1 h MLT bin sector given in the inset. The red circles and black crosses denote the
width of the Tlag belts. Sectors 01–06 MLT.
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Figure 3. (continued) Sectors 06–12 MLT.
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Figure 3. (continued) Sectors 12–18 MLT.
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Figure 3. (continued) Sectors 18–24 MLT.
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Figure 4. Cross-correlation function describing the BsV-LPP relationship for three 1 h MLT bin sectors given in the inset (02–05 MLT). The red circles and black
crosses denote the width of the Tlag belts.

AE-sLPP (as an example for geomagnetic-based PP indicators) and BsV-sLPP (as an example for solar wind-based
PP indicators) correlations for each 1 h MLT bin sector. For BsV only CC curves related to both first and second
simulation cycles are shown to save space.

Generally, the CC curves consist of one or two valleys (or mountains for BsV) and a part with almost constant
correlation coefficient with lower values (in an absolute sense) than that of valley/mountain correlation coef-
ficient. The width of valleys/mountains comprises belts of Tlags around the maximal Tlag. The importance of
these belts is discussed below.

Let us first discuss the CC curves related to AE. In sector 02–03 MLT of the first simulation cycle, the high-
est correlation (0.7) is obtained at Tlag = 1. Taking into account that the initial Tlag is about an hour or less
(Bandić et al., 2017) this indicates the formation of the plasmapause in that sector. The Tlag related to the max-
imal correlation increases with MLTs (e.g., Tlag = 2 in 03–04 MLT sector, Tlag = 3 in 04–05 MLT sector, … ).
At 21–22 MLT a new peak at low Tlag emerges, which then continues to propagate together with the peak
at larger Tlag up to 05 MLT. This means that the plasmapause formed in the 02–03 MLT sector rotates east-
ward but also starts to change radially around 21 MLT (at least in a statistical sense), and then this newly
formed plasmapause propagates eastward to other MLTs. Note that correlation coefficient at the new peak is
lower than that at larger Tlag (which amounts for 0.7), and increases from 21 MLT (where amounts for 0.3) to
02–05 MLT (where it amounts for 0.5). This may indicate that 02–05 MLT is the sector where the formation of
the new plasmapause takes place with the highest probability, in accordance with Pierrard et al. (2008). The
sLPPs from the second simulation cycle within 02–05 MLT is the continuation of the first simulation cycle and
reflects the plasmapause behavior observed at 21–02 MLT in the first simulation cycle. Therefore, here two val-
leys/mountains are visible with maximal correlations associated with plasmapause formed after 02–03 MLT
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(higher Tlag) and plasmapause formed prior to 02–03 MLT (lower Tlag). In the second simulation cycle sLPP dis-
appears abruptly at 04–05 MLT, and consequently, in the next sector (05–06 MLT) only one peak at low Tlag

appears. The observed low Tlags in the first and in the second simulation cycles are not identical (e.g., at 02–03
MLT in the first simulation cycle Tlag = 1, while in the second Tlag = 4), revealing that the plasmapause may
be formed in a wider MLT range, between about 21 MLT and 05 MLT. The 05 MLT is the latest MLT point of
the second simulation cycle, so it may be that the plasmapause is formed in further MLT sectors as well, but
cannot be inferred from these simulations.

Now, we can explain the importance of the second simulation cycle in both cases, when Kp (or E field) increases
and decreases. If Kp increases, the new plasmapause appears closer to the Earth in the postmidnight sector
and the old plasmapause disappears after about 24 h since the plasmasphere is eroded. If Kp decreases, then
the new plasmapause is formed at larger radial distances so the vestigial plasmapause (closer to the Earth)
formed about 24 h earlier can remain simultaneously with the new one, as sometimes observed. Taking into
account that the plasmapause makes also the azimuthal movements (rotation) along with the described radial
movements in the postmidnight sector (that occurred within about 24 h), it becomes clear that in both cases,
when Kp has increased or decreased, the plasmapause makes at least one rotational cycle (that is, the “lifetime”
for this plasmapause). If the plasmapause is formed after 02 MLT (where the simulation starts), e.g., at 04 MLT,
then one rotational cycle includes both the first and second simulation cycles. Thus, the second simulation
cycle perceives also the information on the formation and is actually the first lifetime cycle in these cases,
independently on whether Kp has increased or decreased.

The explained plasmapause evolution can be followed in the snapshots of Figure 1. We start to follow
the two-dimensional plasmapause deformation (radial and azimuthal changes) at 16:00 UT of day 2. As Kp
increases, the nightside plasmapause starts to move inward (second panel). The radial displacement can be
observed in the postmidnight side as indicated by the solid arrow. Throughout the rest of the day (third to
the fifth panel), all the nightside plasmapause continued to move inward, since the Kp has further increased.
Note that even for small Kp changes (Figure 1, second panel) the plasmapause moved inward at postmidnight
(around 02–04 MLT), but Kp had to increase more to cause radial movements at the premidnight side (denoted
with dashed arrows in Figure 1, third to fifth panels). Reduction of the nightside plasmapause by about 1 RE is
observed. At storm time (Kp greater than 6) larger radial movement is expected. The radial motion is very slight
on the dayside. Since the available simulations do not allow to follow individual plasma elements, to examine
the azimuthal plasmapause propagation, we identify peak labeled “A.” This peak propagates eastward with
the angular velocity close to corotation, indicating the global eastward rotation of the main plasmapause.
This rotation can be followed easily on the dayside, but more difficult on the nightside because of the simul-
taneous radial motions. Note that plasmapause characteristics (e.g., 𝜔IM) observed in individual events can
slightly differ from those obtained from the statistical analysis.

As for sLPP-AE, the BsV CC curves at 02–05 MLTs of the second simulation cycle show two correlation peaks at
low and high Tlags. The low Tlags from the first and from the second simulation cycles differ, again providing
information on the MLT range in which the plasmapause is formed. Note that Tlags obtained for BsV are about
1–2 h larger than for AE, indicating that LPP responds quicker to AE than to BsV . This can be understood as
follows. Both LPP and AE change due to BsV . The delay of AE with respect to BsV is expected since differing lag
times between the various PP indicators have been reported (e.g., Fung & Shao, 2008; Verbanac et al., 2011).
Therefore, the Tlags for LPP-BsV and LPP-AE are likely different. The correlations are also slightly lower for BsV
than for AE.

We note that the simulation starting point influences the absolute value of Tlags. Nevertheless, the obtained
Tlags indicate the MLT sectors of formation and provide information on the plasmapause propagation.

To examine the meaning of the Tlag belts, let us consider the 10–11 MLT sector. The determined Tlag is 9 h. As
pointed out above it is possible that the plasmapause is also formed after 05 MLT, for example, at 06 MLT as
obtained when Weimer E field model is used (Pierrard et al., 2008) or at 07 MLT obtained from past THEMIS eLPP

analyses (Bandić et al., 2017). Let us suppose now that plasmapause is formed somewhere between 21 MLT
and 07 MLT. Larger Tlag is expected at 10–11 MLT if the plasmapause is formed at 21 MLT than if it is formed at
07 MLT. This exactly reflects the Tlag belt around the maximal Tlag of 9 h. If we suppose that the plasmapause
is transmitted with 𝜔IM = 1, then we expect Tlags around 13 h or around 3 h depending if the formation was
triggered at 21 MLT or at 07 MLT. Taking further into account that the deformation likely comprises a few MLTs
simultaneously (Bandić et al., 2017; Goldstein, Burch, et al., 2005; Pierrard & Lemaire, 2004), for instance, 3 MLTs,
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Figure 5. Tlag-MLT dependence for AE. The points belonging to the MLT
intervals are associated to the end of the interval (for instance 6 indicates
the 1h-bin 05-06 MLT). The blue symbols denote global (the highest)
maxima in the CC curves. The green symbols denote local (the second
highest) maxima that emerge at 21–22 MLT and last up to 04–05 MLT.

the observed Tlag can be even less than 3 h. A wider belt of Tlags with val-
ues between 0 and 16 h is therefore expected. In each MLT sector, the
widths of the Tlag belts are calculated as explained above and are indicated
by red circles and black crosses in Figures 3 and 4. Since the sLPP-BsV CC
curves are about 1–2 h shifted toward the larger Tlag values with respect
to the sLPP –AE CC curves, these circles and crosses should be accordingly
shifted in Figure 4. However, in order to visualize the time delay between
these two PP indicators, we did not shift them. Interestingly, with the
employed time-lag method we were able to deduce that the erosion can
take place between 21 and 07 MLT, although the simulations used the
E5D E field. Namely, the E5D E field is the strongest between 02 MLT and
04 MLT (Pierrard et al., 2008) allowing the interchange instability to pene-
trate down to lowest radial distance and favoring the plasmapause forma-
tion at these MLTs.

As shown in the first column of Figure 3 the valley/mountain and the asso-
ciated Tlag belt start to detach from the origin (constant part of CC curve
with lower correlation coefficient appearing at the left part of the valley)
at about 10 MLT and the width of the Tlag belt remains nearly constant up
to 21 MLT. This width amounts for the MLT range of formation sectors plus
about a few sectors accounting for deformation of several MLTs at the same
time. This is exactly what we expect assuming propagation of the plasma-

pause with 𝜔IM = 1. Although the simulation starts at 02 MLT and left part of the valley sticks to the origin up
to about 10 MLT, the widening of the Tlag belt to the right reflects the effect of the Tlags accumulation. Thus,
considering the width of the Tlag belts even from the first simulation cycle, we conclude that the formation
was before 02 MLT. In the MLT sectors where the plasmapause is not only propagating but is also formed, two
Tlag belts with different widths are observed in CC curves related to the second simulation cycle. The width
around the lower Tlag widens with MLT (from the MLT of the formation) and the width around the higher Tlag

remains constant. Although different maximal Tlag values related to the lower Tlag are observed in the first
and second simulation cycles, the corresponding Tlag belts have the same width, suggesting the plasmapause
propagation speed of𝜔IM ∼ 1. On the other side, calculating𝜔IM from equation (1) using the determined high-
est correlation coefficient Tlags, we obtain two propagation velocity branches within 22–05 MLT, as shown in
Figure 5. The MLT coordinates are labeled by the end of the 1 h MLT bins (for instance, 22 MLT indicates the
1 h bin MLT 21–22). The values at 03 MLT, 04 MLT, and 05 MLT plotted in both velocity lines are taken from the
second simulation cycle. The slopes of these curves indicate 𝜔IM = 1 and 𝜔IM ∼ 2. The higher value of 𝜔IM

associated to the lower Tlags is because the maximal Tlag increases slower (ΔTlag ∼ 4 in sector 7 MLT wide) than
the maximal Tlag related to the higher Tlags (ΔTlag ∼ 1 in sector 1 MLT wide). For other PP indicators, we obtain
mean angular velocity very close to those obtained for AE.

We note that the discussed numerical values of the MLT ranges of the formation sectors, Tlags and the esti-
mated width of the Tlag belts are obtained from statistical analyses of a large number of sLPPs, and have to be
taken as the most probable ones. Taking further into account that probably different MLT sectors are deformed
simultaneously (affected by formation) in individual events embraced by our statistical sample, the influ-
ence of the simulation starting point, and the 1 h data resolution, it is clear that we cannot determine these
values exactly.

5. MLT Dependence of THEMIS-Based Plasmapause and Comparison
With Theoretical Results

The MLT propagation effects and other plasmapause characteristics inferred from THEMIS-based eLPPs are pre-
sented in Bandić et al. (2017). Here we show and discuss the behavior of the CC curves (presented in Figures 3
and 4, last column) and compare them with those obtained from the simulations (first column or first two
columns for sectors 02–05 MLTs in Figures 3 and 4).

Although there are enough data in each 1 h bin MLT sector, the oscillatory nature of the CC curves indi-
cates that even more data per sector is needed to obtain smooth curves, such as in the case of CC curves
derived from simulations. Further, we recall that we do not have the sequential time series, for example,
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the plasmapause snapshots within each day. This also contributes to the oscillatory nature of the experimen-
tal CC curves. At simulations, the model results are binned by the input E field E5D model (characterized by the
Kp index). Therefore, the simulation CC curves derived from these data are smoother. In some of premidnight
and postmidnight MLTs, experimental CC curves with double peak structure are recognized. These curves are
also the most oscillatory ones, likely indicating the effects of complex physical processes there. In our statis-
tical sample some of these MLT sectors contain dominantly newly formed eLPPs, while others a larger ratio of
eLPPs formed one cycle before, and consequently, one of the peaks, at low Tlag or at large Tlag, prevails and
then the two peak structure is blurred. CC curves with clear one peak structure are observed in the dayside,
dusk, and postdusk sectors. Generally, this peak moves to larger Tlag from ∼08 MLT up to ∼21 MLT indicating
the eastward plasmapause rotation. At about 21 MLT the second peak at low Tlag appears, suggesting the new
plasmapause formation. This is in accordance with the study by Bandić et al. (2017) which has suggested the
plasmapause formation between 23 and 07 MLT. Here by inspecting the CC curves in more detail, we further
recognize the importance of the peak at low Tlag that appears at 21 MLT.

We note that CC curves obtained using different PP indicators (other than the shown AE and BsV curves) have
generally similar behavior and provide the same conclusions. This will be discussed further below.

Generally, CC curves related to THEMIS eLPPs and to simulated sLPPs show similar trends and are in accordance
in the following: (a) the highest correlation Tlags are shifted to larger values moving away from the formation
MLT sector; (b) double peaks are seen from premidnight, starting at about ∼21 MLT, to dawn. Thus, CC curves
from both data sets indicate that from dawn to premidnight plasmapause only propagates, and that from
∼21 MLT to dawn plasmapause propagates but is also formed. Although the simulations stop at 05 MLT, the
width of the Tlag belt in the simulation CC curve at about 10 MLT indicates that the formation may be triggered
up to 07 MLT, similarly to the results of Bandić et al. (2017) from the same THEMIS data set. Here because of
the oscillatory nature of the experimental CC curve, we were not able to determine the width of Tlag belts.
Nevertheless, the curve does not detach from the origin before ∼ 10 MLT, indicating that the formation took
place up to 07 MLT. Thus, the experimental CC curves detach from the origin similarly to the simulation-based
ones. The resemblance of the experimental and simulation CC curves is much better in sectors identified as
propagational ones (07–21 MLT). Recall that simulated sLPPs from the first and second simulation cycles are
analyzed separately and thus two different CC curves are obtained between 02 MLT and 05 MLT. In these MLT
sectors, THEMIS data set contains both newly formed eLPPs and those formed one cycle before. Thus, the
experimental curves in 02–05 MLT sectors may be understood as the combination of the first and second
simulation cycle curves.

Note that the Tlag peaks in simulation and experimental CC curves are not exactly at the same MLTs. The rea-
sons may be the influence of the simulation starting time on the absolute values of Tlags and/or different mean
propagation speed of simulated and THEMIS plasmapause. Namely, in simulations𝜔IM = 1 always, while from
THEMIS eLPPs Bandić et al. (2017) derived two different propagation speeds (1.10 in the 07–15 MLT, 0.45 in the
15–23 MLT sector. The velocity in the 23–07 MLT sector could not be uniquely determined; however, it was
indicated that the erosion propagates quite fast in these MLT sectors).

To show that CC curves obtained using different PP indicators have a similar pattern, in Figure 6 we present CC
curves for three MLT sectors (11–12 MLT, 18–19 MLT, and 02–03 MLT) and all considered PP indicators. These
three MLT sectors are representative for day, dusk, and postmidnight sides. For a better comparability, all CC
curves are shown at the same scale. Thick blue and red lines are related to the simulations and observations,
respectively. Generally, we can recognize similar trends of both simulation and experimental CC curves, with
sometimes displaced peaks in MLT. The curves track each other somewhat better from dawn to premidnight
MLTs. As already noted, in sectors other than these MLTs, THEMIS data set contains both new plasmapause
and those formed one cycle before, and likely more vestigial ones in the events characterized by Kp decrease.
The latter is the consequence of the method employed to identify the eLPPs. Namely, if the innermost sharp
gradient is considered as the criterion for the plasmapause (Bandić et al., 2017; Cho et al., 2015) having a
lifetime comparable to the refilling time, then probably more eLPPs corresponding to second simulation cycles
are identified. Thus, the discrepancy between simulation-based and experimental CC curves is expected.

To investigate how the profile of the CC curves are influenced by the number of used sLPPs, we repeated the
simulations with less data points. We start with the initial simulated data set. Then, in each 1 h MLT sector, we
randomly choose the same number of sLPPs as available from THEMIS in that sector. The procedure is repeated
and new data set with less data points is created. CC curves obtained from the reduced data sets are shown
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Figure 6. Cross-correlation functions at 11–12 MLT, 18–19 MLT, and 02–03 MLT sectors obtained using different PP indicators. Thick blue and red lines are
related to the simulations and observations, respectively. CC curves obtained from the reduced simulation-based data sets are shown as dashed blue lines. See
text for details.
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in Figure 6 as dashed blue lines. These dashed curves are not smooth anymore and begin showing an oscil-
latory pattern similar to the experimental ones. Their CC profiles are again similar to those from THEMIS
(solid red curve), and to those obtained with the initial simulated data set (solid blue curve). Note that the two
dashed curves have the same trend, but they do not overlap. We additionally perform an analysis to estimate
the confidence interval (thereafter std(CC)) of the correlation values for the initial, reduced, and experimen-
tal data sets to characterize their uncertainties. We use the calculation presented in Kwan (2009). Correlation
values related to the initial simulated data set have lower uncertainty than those obtained with both reduced
and experimental data sets. For all data sets, the uncertainty decreases with increasing correlation. Therefore,
the range of std(CC) values is estimated separately for the constant part of the CC curves and for the part
of the CC curves around maximal CC values. Considering all PP indicators for the maximum part of the CC
curves the std(CC) ranges related to the initial simulated, reduced simulated, and experimental data sets are
0.01–0.02, 0.03–0.05, and 0.03–0.05, respectively. The corresponding std(CC) ranges for the constant part of
the CC curves are 0.03–0.05, 0.06–0.08, and 0.04–0.08. The mentioned orders of uncertainties are represen-
tative for all MLT sectors. These values confirm that although THEMIS data set contains a respectable number
of eLPPs, there is still not enough data in each 1 h MLT bin to obtain the smooth curve which would represent
the final CC curve.

6. Discussion

In this study, we have investigated and compared the global plasmapause characteristics obtained from
THEMIS observations with those inferred from simulations based on interchange instability mechanism.

We found that the main observed plasmapause features, as eastward plasmapause rotation and formation in
MLT sectors are well reproduced by the simulations. Moreover, the radial extension of the mean eLPP and mean
sLPP values in each MLT sector differ only slightly. Therefore, the results obtained from the model simulations
help us to interpret the observations.

It is important to note that different PP indicators show very similar plasmapause behavior. Some specific
plasmapause structures may possibly move differently in individual events (e.g., westward as inferred from
IMAGE EUV plasmapause Goldstein, Sandel, et al., 2005), and statistically, such local movements are not seen.

We recognize the importance of the Tlag belts, which additionally indicate the MLT range of the plasmapause
formation and also the mean angular velocity of the plasmapause propagation. The oscillatory nature of the
THEMIS-based CC curves does not allow to precisely determine the width of the Tlag belts. Therefore, we ana-
lyze these widths using simulated CC curves. Considering the width of the Tlag belts and the MLT position of
the valley/mountain in the CC curves, we concluded that the formation may be triggered up to about 07 MLT,
in accordance with Bandić et al. (2017).

The experimental results indicate that erosion likely starts at about 21 MLT. IMAGE EUV plasmapause observed
in the individual event on 17 April 2002 Goldstein, Burch, et al., (2005) also suggest that plasmapause may
be formed in the premidnight MLTs. Simulation results support these observations. Note that on the other
side, many previous works based on interchange instability simulations (Lemaire & Pierrard, 2008; Pierrard &
Cabrera, 2006) and satellite observations (Bandić et al., 2016, 2017; Goldstein, Sandel, et al., 2005; Verbanac
et al., 2015) have emphasized the formation in the postmidnight MLT sectors only. Thus, it is worth to
investigate this issue further.

Using the highest correlation Tlags, Bandić et al. (2017) derived that the plasmapause propagates with velocity
very close to the corotation in the 07–15 MLT sector and much slower in the 15–23 MLT sector. They indi-
cated the possibility of fast erosion propagation within 23–07 MLT. Bandić et al. (2016) have also reported that
the plasmapause derived from CRRES satellite likely propagates at the higher rate than the corotation in the
postmidnight side. As regards THEMIS-based plasmapause, Bandić et al. (2017) calculated the mean angular
propagation speed considering Tlag differences for sectors that are 8 h bins wide (e.g., difference between Tlag

at 23 MLT and Tlag at 15 MLT). We suggest that the scatter around the trend MLT-Tlag curve in 15–23 MLT sector
(see their Figure 1, bottom panel) may lead to overestimation of the Tlag differences and thus to the underesti-
mation of the propagation speed. Within 23–07 MLT the oscillations in MLT-Tlag curve are very prominent (see
their Figure 1), because they consider sometimes peak at low Tlag, sometimes at high Tlag, depending which
one prevails. From the lower identified branch in their Figure 1, bottom panel (see encircled branches) one can
estimate that the mean angular speed is larger than 2 (ΔTlag = 3 in sector 8 MLT wide). This is in agreement
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with the largest velocity that we estimated within 22–05 MLT sector based on simulated plasmapause. After
considering the importance of Tlag belt widths we conclude that this velocity is indeed not a realistic one since
the analysis of these widths indicates that the main plasmapause rotates eastward with the mean angular
speed that corresponds to the Earth’s rotational speed. Therefore, we suggest that the THEMIS-based plasma-
pause also likely corotates with the Earth within 23–07 MLT sector. This issue has to be further investigated
and validated using more experimental data with better UT-MLT coverage than the data set used by Bandić
et al. (2017). Such further study can also help in resolving whether the single peak in sectors other than 21–07
MLT is caused by the fast angular propagation speed in the postmidnight sector as proposed by Bandić et al.
(2017) or not.

Works by Verbanac et al. (2015) and Bandić et al. (2016, 2017) based on different satellite measurements have
all indicated that interchange instability is likely responsible for many observed plasmapause characteris-
tics. The present study comparing eLPPs and sLPPs validates their indication and additionally revises the most
important plasmapause characteristics, as the MLT range of formation and angular propagation. However, this
does not mean that other physical processes are not important for the plasmapause dynamics. In this regard,
it is worth concluding that further investigations are recommended.

7. Conclusions

Statistical comparison of the global behavior of the experimental (THEMIS based) and simulated plasma-
pause (based on interchange instability mechanism) is performed, analyzed, and interpreted for the first time.
We focused on plasmapause formation and propagation characteristics. The simulation results are used to
support the interpretation of the observations.

We recall on noting the differences from previous studies which have also employed simulations based on
interchange instability mechanism (e.g., Pierrard & Lemaire, 2004; Pierrard & Cabrera, 2005, 2006) and those
that have used LCS simulations (e.g., Goldstein, Burch, et al., 2005; Goldstein, Sandel, et al., 2005). In these past
works, the plasmapause shapes obtained with simulations are compared with those observed with IMAGE
EUV in single events only. In such snapshots comparisons, the efforts were mostly done to reproduce some
of the observed plasmapause structures (e.g., plumes, shoulders). Images often do not have the complete
MLT coverage at each UT due to noise or sunlight contamination and therefore the motion of the whole main
plasmapause could not be followed. Only motion of the restricted plasmapause extension or of some plasma-
pause structure was possible to be tracked. The deduced motions are representative only for the particular
single case. On the other side, in this study, we have analyzed plasmapause positions from many events within
the period July 2008 to December 2012. In such a way we have derived the statistical characteristics of the
main plasmapause which represent the most probable global plasmapause behavior.

The observations suggest a general eastward azimuthal plasmapause propagation and a radial plasmapause
motion restricted to 21–07 MLT. The erosion likely takes place simultaneously at a range of MLTs. The simu-
lation results show the same plasmapause behaviors. Thus, they can help to better understand the physics
behind the observed features of plasmasphere dynamics. Closest analysis indicates that any changes of the
magnetospheric E field (Kp changes) will cause the erosion of the plasmapause in the postmidnight sector,
around 02–05 MLT. Only stronger changes of the E field lead to the formation of the plasmapause at pre-
midnight or around dawn. This can be interpreted as follows. Both the E5D electric field and the interchange
velocity are the highest in the postmidnight MLT sectors maximizing the erosion of the plasmapause in these
MLTs. Thus, the formation of the new plasmapause at postmidnight is the most probable. On the dayside,
plasmapause moves almost entirely azimuthally. The analysis further indicates that the plasmapause at all
MLTs azimuthally propagates with the mean angular velocity close to corotation, at least for lower geomag-
netic activity periods. This has to be further investigated with more experimental data with as high as possible
MLT-UT coverage.

Although our study suggests that the experimental plasmapause characteristics are in accordance with the
interchange instability mechanism, to definitively conclude which physical mechanism is the right one or the
most important for the plasmapause formation further investigations should be done.

The present study contributes to resolving some of the long-lasting, unresolved issues related to plasmas-
pheric erosion and plasmapause dynamics.
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