
SCIENCE CHINA 
Earth Sciences 

© Science China Press and Springer-Verlag Berlin Heidelberg 2014  earth.scichina.com   link.springer.com 

                           
*Corresponding author (email: liuwenlong@buaa.edu.cn) 

• RESEARCH  PAPER • October 2014  Vol.57  No.10: 2552–2557 

 doi: 10.1007/s11430-014-4844-1  

A new plasmapause location model based on THEMIS  
observations 

LIU Xu1,2 & LIU WenLong1* 

1 Space Science Institute, School of Astronautics, Beihang University, Beijing 100191, China; 
2 State Key Laboratory of Space Weather, Chinese Academy of Sciences, Beijing 100190, China 

Received September 4, 2013; accepted February 10, 2014; published online May 28, 2014 

 

A new empirical model of plasmapause location as functions of magnetic local time and geomagnetic indices has been devel-
oped based on the observations from THEMIS mission. We use the two-year data of electron density inferred from spacecraft 
potential to identify the plasmapause crossings and create a database of plasmapause locations. The database is further used to 
build up an empirical model of plasmapause related to magnetic local time based on the equation from O’Brien and Moldwin 
(2003). The new model is compared with previous plasmapause location models. It is found that our newly developed model is 
the best in predicting plasmapause locations among the existing models. The models based on Kp and Dst indices are better 
than the model based on AE index, suggesting that the plasmapause location is controlled by large scale convection of the 
magnetosphere. 
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The plasmasphere is an important component of the inner 
magnetosphere, filled with low-energy particles, which are 
indentured by the large-scale electric field and co-rotate 
with the Earth. The outer boundary of the plasmasphere is 
called ‘plasmapause’. Because of the differences of plasma 
properties across the boundary, plasmapause plays important 
rolesin controlling the distribution of the inner magneto-
spheric particles (Lorentzen et al., 2001), influencing the 
formation and propagation of electromagnetic waves (Orr 
and Webb, 1975; Webb and Orr, 1975; Takahashi and An-
derson, 1992; Liu et al., 2009, 2011, 2013), and subse-
quently affecting the ring current (Kozyra et al., 1995; Lo-
rentzen et al., 2001) and radiation belt (Horne and Thorne, 
1998; Lorentzen et al., 2001; Li et al., 2006). Thus, plas-
mapause location (Lpp) is considered as a crucial parameter 

in the research of inner magnetosphere dynamic. Plasma-
pause location is determined by the balance between large- 
scale co-rotation electric field and convective electric field 
influenced by geomagnetic activities. For example, during 
magnetic active periods, the plasmasphere is compressed 
due to the enhancement of large-scale convective electric 
field, whereas during magnetic quiet periods, the plasmas-
phere expands gradually (Carpenter and Anderson, 1992). 
Besides its radial movement, the plasmapause can have 
complicated structures, such as plume, shoulder, notch, and 
channel (Zhang et al., 2013). 

Based on in situ observations, several empirical models 
have been established for the estimation of Lpp. For example, 
the model proposed by Carpenter and Anderson (1992) 
considered Lpp as a linear function of Kp index. Because of 
the lack of satellite measurements (208 plasmapause cross-
ings by ISEE satellite), their research only covered the sec-
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tor of 00:00–15:00 magnetic local time (MLT). A linear 
equation was suggested to describe the relation between Lpp 
and the maximum Kp index in the time period from the pre-
vious 24 hours to the previous 4 hours, 

 24, 45.6 0.46 max Kpˆ .ppL    - -  (1) 

Based on the 969 identified plasmapause crossings, 
Moldwin et al. (2002) found relationships between Lpp and 
the maximum Kp index during the previous 12 hours for 
nightside, dawnside, dayside, and duskside, respectively, 

 12,0max Kp,ˆ
ppL A B   -  (2) 

where A and B were two fitted parameters. 
Given that the plasmapause is not only a linear function 

of Kp index but also linear functions of AE and Dst indices, 
the model proposed by O’Brien and Moldwin (2003) com-
pared the differences among the three geomagnetic indices. 
The model is described as 

 INDE ,ˆ XppL a b    (3) 

where INDEX stands for the logarithm of maximum AE 
index during the previous 36 hours (log10max36,0AE), the 
logarithm of absolute value of minimal Dst index during the 
previous 24 hours (log10|min24,0Dst|), or maximum Kp in-
dex during the time period from previous the 36 hours to the 
previous 2 hours (log10max36,2Kp). 

O’Brien and Moldwin (2003) also established an Lpp 

model for MLT and geomagnetic indices based on the fol-
lowing formula. 
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This model could describe more details of the plasma-
pause for different magnetic local time.  

The current plasmapause models cannot cover the whole 
inner magnetosphere. For example, the plasmapause cross-
ing data used for establishing Carpenter and Anderson (1992) 
model are limited in the MLT sector between 00:00 and 

15:00; the other two models used observations of few 
crossing at the dayside high altitude region because of the 
orbit of CRRES satellite. Moreover, the first three empirical 
models do not contain MLT information, and the fourth 
MLT model has less prediction accuracy (O’Brien and 
Moldwin, 2003). Thus, it is necessary to establish a new 
model of plasmapause location as functions of MLT and 
geomagnetic indices. In this paper, using the observations 
from THEMIS-D satellite from 2011 to 2012, we establish a 
database of plasmapause crossings. After analyzing the 
property and distribution of plasmapause location, we es-
tablish a plasmapause model related to MLT and geomag-
netic indices. We then compare our model with the four 

previous models mentioned above.  

1  THEMIS observation of plasmapause crossings 

1.1  The identification of plasmapause crossing 

The data used in this paper are obtained by the NASA’s 
THEMIS mission. The five THEMIS satellites were launched 
on February 17, 2007, aiming to study substorm, storm, and 
other space physical phenomena. The orbit of THEMIS-D 
satellite is with an apogee of ~12RE, a perigee of ~1.5RE, 
and an inclination of 9°. The satellite passes through the 
plasmapause twice in each orbit period and finishes a full 
coverage of all local time sectors of the inner magneto-
sphere once per year. 

In this paper, we study the electron density derived from 
the satellite potential observed by THEMIS-D in 2010 and 
2011. The electron density referred by this method has an 
error of a factor of 2 (Pedersen et al., 1998), which is much 
smaller than a typical density change across a plasmapause 
and thus is sufficient for the identification of plasmapause 
location (Li et al., 2010). Here we use the criteria suggested 
by Carpenter and Anderson (1992) and used by other studies 
(e.g., Moldwin et al., 2002; O’Brien and Moldwin, 2003) for 
identifying plasmapause location, which requires plasma 
density changes by a factor of 5 within 0.5L. We first mark 
the position where plasma density changes more than a fac-
tor of 5 within 0.5L around this position, and then consider 
the region constituted by the marked position is the plas-
mapause region. The center position of this region is de-
fined as plasmapause location and the width of this region is 
defined as the width of the plasmapause.  

Figure 1 illustrates an example of electron density meas-
urements observed on February 2, 2010 by THEMIS-D sat-
ellite. THEMIS-D observes two electron density gradients 
at 01:20 and 21:20UT, respectively. The variations of both 
electron density gradients are about 3 orders and satisfy the 
plasmapause criteria. Thus we find two plasmapause cross-
ings, which correspond to the inbound and outbound orbit, 
respectively. The rectangles in Figure 1 mark the plasma-
pause regions. The center positions of the rectangles are the 
plasmapause locations where L value equals to 4.97 and 
4.94, and their width are 0.46RE and 0.52RE, respectively.  

Data in 2010 and 2011 are analyzed using the same 
method, from which 1427 plasmapause crossing events are 
identified. The electron density profile of plasmapause 
shown in Figure 1 is ‘classic’ plasmapause with one sharp 
density variation. However, the change of electron density 
at plasmapause can be very complicated, either with gradu-
ally varying electron density or with multiple density gra-
dients. Among the 1427 plasmapause crossing events, we 
observed 121 gradually varying plasmapause, 1183 plas-
mapause with one sharp gradient, and 123 plasmapause 
with multiple density gradients. 

In the rest of this paper, we study the ‘classic’ plasmapause  
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Figure 1  Time series of electron density in the top panel and L shell in the bottom panel observed on February 2, 2010 by THEMIS-D satellite. The rec-
tangles mark the two plasmapause regions. 

with one sharp electron density gradient, which is consistent 
with the four models of plasmapause mentioned in the in-
troduction session. The other types of plasmapause will be 
studied in the future.  

1.2  The distribution of the plasmapause location 

We plot the distribution of positions of the observed 1183 
plasmapause versus LT in Figure 2(a). The plasmapause is 
located mostly in the region between L=3 and L=6, and is 
distributed evenly in different LT sectors, with 346 in the 
nightside (21:00–03:00LT), 251 in the dawnside (03:00– 

09:00LT), 291 in the dayside (09:00–15:00LT), and 295 in 

the duskside (15:00–21:00LT), respectively. Figure 2(b) 
shows the statistic distribution of the width of plasmapause, 
which is mostly between 0.2 RE and 0.6 RE and could be as 
wide as 2 RE. 

2  New MLT dependent plasmapause location 
model 

2.1  Geomagnetic indices 

The geomagnetic indices (Dst, AE, Kp) used to establish 
our model are obtained from the World Data Center for 
Geomagnetism of Kyoto University (http://wdc.kugi.kyoto- 
u.ac.jp). 

2.2  Fitting for parameters 

We use the same formula with O’Brien and Moldwin (2003) 
MLT model to fit our THEMIS plasmapause crossing data-
base and build our MLT dependent plasmapause location 
model. The model is as follows, 
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where INDEX stands for the logarithm of maximum AE 
index during the previous 36 hours (log10max36,0 AE), the 
logarithm of absolute value of minimal Dst index during the 
previous 24 h (log10|min24,0Dst|), or maximum Kp index 
during the time period from the previous 36 hours to the 
previous 2 h (log10max36,2Kp). The parameters obtained by 
fitting our observation database are shown in Table 1, for 
AE, Dst, and Kp indices, respectively.  

2.3  Comparison between new model and previous 
models 

This new MLT model of plasmapause could describe the 
position of plasmapause more precisely. Table 2 shows the 
prediction errors of the different models (the deviation be-
tween the L Shell value predicted by the model and the   
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Figure 2  The distribution of plasmapause for different local time (a) and histogram of the width of plasmapause (b). 

Table 1  The parameters of the magnetic local time model of plasmapause 
based on THEMIS observation 

Indices 
Parameters 

a1 aMLT a b1 bMLT b 

AE 1.254 0.218 18.52 8.199 0.0757 6.91 

Dst 1.111 0.2416 21.502 6.03 0.0565 23.3214 

Kp 0.338 0.286 21.045 5.729 0.0428 23.0397 

 

observed data by THEMIS) on July 2, 2011. The three rows 
correspond to Kp, Dst, and AE indices, respectively. The 
prediction errors of THEMIS Kp, Dst, and AE indicesare 
0.0004RE, 0.0175RE, and 0.1663RE, which are less than that 
in other models.  

Figure 3 shows the observation and the fitting curve of 
plasmapause for geomagnetic indices respectively. The Dst 
and Kp models could fit the THEMIS database well in 
00:00–18:00MLT sectors. However, during 18:00–24:00 
MLT, the errors are relatively larger compared with other 
sectors because of the dynamic processes in the duskside 
and nightside.  

In order to quantitatively compare the THEMIS model 
with previous models, we calculate the RMSE (Root Mean 
Square Error) value for each model using the observed data 

Lpp and the prediction value ˆ
ppL  by the different model, as 

defined by 

  2
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where the less the RMSE value is, the more precise the 
model is. 

Table 3 shows the RMSE value of our THEMIS MLT 
model, Moldwin et al. (2002) model, O’Brien and Moldwin 
(2003) model, O’Brien and Moldwin (2003) MLT model, 
and Carpenter and Anderson (1992) model. From this table, 
we can see that, in general, the Dst and Kp models can bet-
ter predict the plasmapause location than the AE model, 
which is probably because the plasmapause is controlled by 
the large-scale convection in the magnetosphere.  

By comparing the models in Figure 3, we find the RMSE 
values of THEMIS models are 0.6319, 0.6040, and 0.6094 
for AE, Dst, and Kp models respectively, which are smaller 
than the RMSE values of previous models. Moreover, the 
RMSE values of Dst and Kp model are large in the duskside 
and nightside, which is consistent with Figure 3.  

The O’Brien and Moldwin (2003) Dst and Kp model also 
can do a good job in term of predicting the plasmapause 
locations of our database with RMSE values of 0.6835 and 
0.6401, which are slightly higher than our model. The Car-
penter and Anderson (1992) model gets an RMSE value of 
0.6977, which means this model could basically describe 
the THEMIS database. Moldwin et al. (2002) model has a 
large RMSE value, especially in dayside and duskside with 
RMSE values of 0.9193 and 1.0211 respectively, suggesting  

Table 2  The comparison of prediction errors of different plasmapause models on July 2, 2011 (unit: RE) 

 
THEMIS 

model 
O’Brien and Moldwin (2003) 

model 
O’Brien and Moldwin (2003) 

MLT model 
Moldwin et al. (2002) 

model 
Carpenter and Anderson (1992) 

model 

AE 0.1663 0.7540 0.4574 
  

Dst 0.0175 0.2935 0.1506 
  

Kp 0.0004 0.1176 0.0156 0.4668 0.2534 



2556 Liu X, et al.   Sci China Earth Sci   October (2014) Vol.57 No.10 

 

 
Figure 3  The relationship between plasmapause position and THEMIS magnetic local time model: (a) max24,0Dst model, containing data of all local time; 
(b) max36,2Kp model, containing data of all local time; (c) max36,0AE model, containing data of all local time. The blue points stand for the observed data 
by THMMIS, and red lines stand for the fitting curves.   

Table 3  The RMSE value of THEMIS model and current model 

Model 
Geomagnetic 

indices 

Magnetic local time sector 

00:00–24:00 21:00–03:00 03:00–09:00 09:00–15:00 15:00–21:00 

THEMIS 
model 

AE 0.6319 0.5647 0.6358 0.6635 0.6642 

Dst 0.6040 0.5438 0.6142 0.6358 0.6237 

Kp 0.6094 0.5557 0.6228 0.6129 0.6422 

Moldwin et al. (2002) model Kp 0.7139 0.6529 0.7295 0.9193 1.0211 

O’Brien and Moldwin (2003) model 

AE 0.8107 0.7340 0.7693 0.8222 0.9068 

Dst 0.6835 0.6175 0.6313 0.7416 0.7451 

Kp 0.6401 0.5838 0.6254 0.6454 0.6998 

O’Brien and Moldwin (2003) 
MLT model 

AE 0.8661 0.7488 0.8335 1.0924 0.8085 

Dst 0.7380 0.5762 0.7242 0.9323 0.7215 

Kp 0.7435 0.5875 0.6468 0.9313 0.8055 

Carpenter and Anderson (1992) model Kp 0.6977  (00:0015:00MLT) 

 

this model cannot well predict the observations by THEMIS. 
Table 3 also shows results of the O’Brien and Moldwin 

(2003) MLT model. We can see that this model has the 
largest RMSE values among all the models, suggesting that 
it could be greatly improved with our model.  

3  Discussion and conclusion 

Using the plasmapause crossing database created based on 
the THEMIS-D satellite, we have established an MLT de-
pendent empirical model for plasmapause location, and then 
compared it with four previous models. We find that our 
new model can best predict the database, especially for Dst 
and Kp model suggesting that storm-time large-scale con-
vection is the main factor controlling the position of the 
plasmapause. In fact, besides controlling the plasmapause 
position, the large-scale convective electric field controls 
the position of inner boundary of plasma sheet (Ding et al., 
2010; Cao et al., 2011; Wang and Zong, 2012; Fu et al., 

2010a, 2010b). 
The Carpenter and Anderson (1992) model was estab-

lished based on the ISEE observation in 1977, 1982, and 
1983. The other three models were established based on 
CRRES observation in 1990 and 1991, only containing the 
information during solar maximum year. The database in 
this paper is created based on the THEMIS observation in 
2010 and 2011, containing more data and corresponding to 
the ascending phase of solar activities. In different phases of 
solar activities, different solar wind properties affect Earth’s 
magnetosphere: during the solar maximum period, enhanced 
CME events can trigger strong magnetic storms; during the 
ascending phase, the storms are driven mainly by co-rotating 
interaction region and thus are relatively weak. Thus in dif-
ferent phase of solar cycle, the plasmapause, controlled by 
large-scale convective electric field, responses differently 
on solar wind conditions. This could partially explain the 
difference between our model and previous models.  

Moreover, extreme magnetic storm events, such as the 
super storm on March 24, 1991, can introduce errors into 
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previous models. However, our database is created during 
the ascending phase of solar activities and there is no strong 
geomagnetic activity, which makes our model less affected 
by super storms. This is probably a reason that, although 
using the same formulae with O’Brien and Moldwin (2003) 
MLT model, our model gets a better prediction (see in Ta-
ble 3). 

At last, our database is based on only two years’ data. To 
get completed information about the plasmapause location, 
we still need a larger amount of data that could cover the 
whole solar cycle. This work reminds us of the necessity of 
improving the plasmapause models by analyzing more sat-
ellite data, filling our plasmapause database and hopefully 
building a more precise plasmapause model based on the 
satellite observation in the future.  
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