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Abstract

This paper investigates the characteristics of global plasmaspheric electron content (pTEC) using COSMIC (Constellation Observing
System for Meteorology, Ionosphere and Climate) occultation and GPS (Global Positioning System) data. The ionospheric electron con-
tent (iTEC) within 100–1000 km was obtained by fitting the COSMIC occultation electron density profiles, and the pTEC was obtained
by subtracting the iTEC from CODE (Center for Orbit Determination in Europe) GIM (global ionosphere maps) TEC provided by
University of Bern. This paper also investigates the characteristics of pTEC variations with local time, latitude and season. The results
show that in 2011, the worldwide average of pTEC was 4.02TECu, which is consistent with the findings of other studies. The pTEC
shows significant diurnal variation characteristics, that is, pTEC is higher during daytime than during nighttime, but the percentage con-
tribution of pTEC to GPS TEC is higher during nighttime than during daytime. The pTEC varies with the seasons, pTEC hemispheres
symmetrically during spring and autumn, while pTEC in the summer hemisphere is higher than that in the winter hemisphere. Moreover,
the percentage contribution of pTEC to GPS TEC (total electron content) is higher in winter hemisphere than in summer hemisphere.
� 2015 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Plasmasphere is a part of the Earth’s magnetic layer,
contains low energy plasma, located above the ionosphere,
and has height that can be extended 3–5 times the Earth’s
radius. The plasmasphere has electron density that is over
several orders smaller than the ionosphere (Gallagher
et al., 2000), but it has a large height, and thus, in some
cases (such as at night and under the solar quiet period)
the contribution of plasmaspheric electron content cannot
be ignored (Cherniak et al., 2012).
http://dx.doi.org/10.1016/j.asr.2015.02.004
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GPS is currently widely used in ionospheric research.
TEC is one of the most important parameters used in the
ionospheric studies. The dense network of the GPS recei-
vers allows the simultaneous coverage of TEC values in
global scale with high temporal resolution (Jee et al.,
2010; Klimenko et al., 2014). The total electron content
along the GPS signal propagation path is called the GPS
TEC, the value of which can be seen as the sum of the iono-
spheric electron content (iTEC) and the plasmasphere elec-
tron content (pTEC).

Traditional methods used for obtaining iTEC are
mainly divided into two categories as follows: the use of
the empirical model of the ionosphere and the use of iono-
sonde or other means of ground observations (Huang and
Reinisch, 2001; Reinisch and Huang, 2001). Guiter et al.
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(1995) modeled the plasmaspheric density using a time-de-
pendent model and found the annual variation of plasmas-
pheric electron density is related to the annual variations in
the upper ionospheric O+ density. Richards et al. (2000)
examined the relative importance of ionospheric and ther-
mospheric densities and temperatures in producing the
annual variation in the plasmaspheric electron density.
Lunt et al. (1999a) and Balan et al. (2002) used the
SUPIM (Sheffield University Plasmasphere Ionosphere
Model) model to obtain the pTEC, and then they explored
the various characteristics of pTEC to obtain an initial
understanding of pTEC. Webb and Essex (2004) created
the three-dimensional Global Plasmasphere Ionosphere
Density (GPID) model simulates the global-scale dynamics
of the ion and electron densities within the plasmasphere.
Belehaki et al. (2004) and Mosert et al. (2007) investigated
the various characteristics of the pTEC at Athens and Ebro
by using GPS TEC and ionosonde data and were able to
obtain more consistent results. However, the ionosonde is
only distributed in a limited number of land areas and it
can only detect the ionosphere under the F2 peak height.
The electron density profile above the F2 peak height can
only be obtained via fitting, and thus, accurate research
on the global plasmaspheric electron content cannot be
obtained. Yizengaw et al. (2008) estimated the relative con-
tribution of the plasmaspheric electron content to the
ground-based GPS TEC using ground-based GPS TEC
and JASON-1 TEC. The results showed the relative con-
tribution of the plasmaspheric electron content exhibits a
diurnal variation and the contribution is also maximum
at the equatorial region. Lee et al. (2013) compared the glo-
bal pTEC with the ionospheric TEC simultaneously mea-
sured by Jason-1 satellite during the declining phase of
solar cycle 23, their study showed that the plasmaspheric
density structures fundamentally follow the ionosphere,
but there are also significant differences between them.
Chong et al. (2013) used the Millstone Hill incoherent scat-
ter radar (ISR) observations to investigate Millstone Hill
area’s pTEC characteristics. The advantage of ISR is that
it is possible to construct the vertical profile of the electron
density above the F2 layer peak height, but it can only get
localized plasmaspheric electronic content characteristics.

The current paper presents a method that makes use of
the COSMIC occultation and ground-based GPS data to
investigate the worldwide pTEC characteristics.
Moreover, the characteristics of pTEC variation are ana-
lyzed using several geographical parameters, such as local
time, season, latitude, solar radiation, and geomagnetic
activity. The COSMIC occultation data have good global
distribution characteristics, and the ionospheric electron
content obtained has high accuracy (Tsai et al. 2001,
2009; Jakowski et al., 2005). Both the COSMIC occultation
and ground-based GPS data can be used to investigate
pTEC, consequently surpassing existing research methods
that only investigate localized effects. Ground-based GPS
observations data were used to obtain global GPS TEC,
and COSMIC occultation data were used to obtain
ionospheric total electron content iTEC under 1000 km.
The difference between them can be seen as pTEC.

2. Data and data processing

2.1. CODE global ionospheric maps

Global GPS tracking station provides an approach for
accessing global high-resolution GPS TEC. In 1998, IGS
began providing global ionosphere products in resolutions
of 5� longitude and 2.5� latitude at a temporal resolution of
2 h. Currently, four data processing centers, namely,
CODE, JPL, ESA and UPC, provide global ionosphere
products, while various analysis centers use different
ground tracking station observation data and different
methods to establish a global ionospheric model. With
the increase in the number of GPS ground tracking stations
and the refinement of the data processing method, the
accuracy of IGS ionospheric products increases, making
it an indispensable resource for studies on the variations
of the global ionosphere.

CODE is one of the first agencies in the world that inves-
tigated ionospheric modeling and is also currently the only
data analysis center that uses GPS and GLONASS (Global
Navigation Satellite System) for ionospheric modeling.
CODE provides global ionospheric final products by using
more than 200 worldwide GPS/GLONASS tracking sta-
tions observation data and a 15 � 15 order spherical har-
monic function model with spatial resolutions of 5� � 2.5�
at a temporal resolution of 2 h. In this paper, GPS TEC
from the bottom ionosphere to 20,200 km is obtained using
CODE’s global ionospheric grid data.

The error source of GIM include: spherical symmetry
assumption when converting slant TEC to vertical TEC,
differential code bias estimation, pseudo range noise and
some other errors. Thus, the value of GIM’s error is about
several TECu.

2.2. COSMIC occultation ionospheric data

LEO occultation can be used to obtain the ionospheric
vertical profile under LEO satellite orbits (Jakowski
et al., 2005; Liou et al., 2007). The COSMIC satellite sys-
tem developed jointly by the United States and Chinese
Taiwan is currently the most commonly used LEO occulta-
tion system, and its number of occultation events and data
accuracy are significantly better compared with those in
previous occultation systems. The COSMIC system, which
was launched on April 15, 2006, consists of six small satel-
lites with an orbital height of 700–800 km and an orbital
inclination of 72�. Satellite on board GPS occultation
devices can achieve troposphere and ionosphere occulta-
tion. Such system can obtain 1500–2500 globally dis-
tributed effective occultation observations daily, 70% of
which can obtain final electron density.

The COSMIC radio occultation electron density profile
is retrieved based on several assumptions with spherical



Fig. 2. Scatter plot of COSMIC TEC and GPS TEC (the red straight line
denotes the least-squares fitting results). (For interpretation of the
references to color in this figure legend, the reader is referred to the web
version of this article.)
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symmetry assumption the most significant error source.
The Abel inversion could have significant error in equator-
ial and lower latitude and lower altitude region.

In this paper, COSMIC level 2 products “ionprf”
provide the ionospheric electron content iTEC that is
obtained using the electron density profile data for 100–
700 km during an occultation event. Data processing is
divided into three parts, namely, profile fitting, data filter-
ing, and integral calculation. The chapman-a function of
varying scale height used for electron density profile fitting
can be written as follows (Fox, 1994; Chong et al., 2013):

N eðhÞ ¼ NmF 2 exp½0:5ð1� z� e�zÞ�
z ¼ ðh� hmF 2Þ=HðhÞ

ð1Þ

where, N mF 2 and hmF 2 is the ionospheric F2 layer peak
electron density and peak height, respectively. The chap-
man-a function of varying scale height can better reflect
the electron density at different height variations with
height (Fox, 1994). The scale height under the peak height
is HðhÞ ¼ A1ðh� hmF 2Þ þ H m, and the scale height above
the peak height is HðhÞ ¼ A2ðh� hmF 2Þ þ H m, and the
unknown parameters N mF 2, hmF 2, A1, A2 and Hm can be
obtained using the method of non-linear least squares.

Fig. 1 shows the COSMIC occultation electron density
fitting results that were obtained using chapman-a function
of varying scale height. The fitting results and the occultation
observations yielded excellent degree of compliance. During
data processing, a small portion of the profiles whose devia-
tion exceeded the tolerance were removed to ensure the high
reliability of the fitting electron density results at 100–
1000 km. The method mentioned above was used to obtain
fitting profiles, which were then integrated to obtain the total
electron content within 100–1000 km at the position of maxi-
mum electron density of each occultation event.
3. Comparison of GPS TEC and COSMIC TEC

Fig. 2 shows the scatter map of GPS TEC and COSMIC
TEC, where COSMIC TEC is the abscissa, GPS TEC is the
vertical coordinate, and the straight line is the least-squares
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Fig. 1. Occultation electron density fitting results obtained using the
chapman-a function.
fitting of the two results. As can be seen in the figure, the
GPS TEC and COSMIC TEC have good correlation.
According to the linear regression equation, the GPS TEC
and COSMIC TEC have a difference of 4.02TECu, indicat-
ing that the global average magnitude of pTEC was
4.02TECu in 2011. Lunt et al. (1999) used GPS and
NIMS (Navy Ionospheric Monitoring System) data to
investigate the variation character of the plasmasphere at
high latitudes in Europe and found pTEC to decrease with
increasing latitude at approximately 2TECu at 50.4�N.
Belehaki et al. (2004) used the GPS TEC and ionosonde
TEC to investigate the plasmaspheric electron content at
Athens station, and their results show that the two had a dif-
ference of approximately 6.3TECu between October 2000
and September 2001. Breed et al. (1997) found a plasmas-
pheric electron content of approximately 7.2TECu at
Australia Salisbury Station (34.8�S) in December 1992.
Chong et al. (2013) used the Millstone Hill ISR data and
obtained Millstone Hill station area plasmaspheric electron
content of approximately 5.6TECu. Thus, even though
various studies used different observation techniques,
research time and location, they obtained plasmaspheric
electron content with roughly the same order of magnitude,
indicating the reliability of the plasmaspheric electron con-
tent obtained in the current paper by using GPS and
COSMIC. However, since the error of observation is inevi-
table, part of COSMIC TEC equal to or even greater than
GPS TEC (point located at and below the green line in
Fig. 2), leads pTEC equal to zero or even less than zero, this
is nonexistent in reality, and thus we remove those pTEC
less than or equal to zero in subsequent studies.
4. The variation characteristics of pTEC

4.1. The global distribution characteristics of pTEC

Fig. 3 shows the pTEC variation with local time and
latitude in March, June, September and December 2011,
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Fig. 3. The plasmaspheric electron content pTEC variation with local time and latitude in March, June, September, and December 2011.
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respectively. As can be seen in this figure, pTEC had signifi-
cant correlations with local time and latitude. The pTEC
peak occurred at LT 12:00–16:00 in all seasons, with the
minimum occurring during nighttime. The maximum value
was initially near the equator and then gradually decreased
from the equator to the direction of the poles. Unlike the
ionospheric electron content, no apparent equatorial
anomaly phenomenon was observed. In addition, the
results show the different distribution characteristics of
pTEC in different seasons. InMarch and September, the
pTEC was uniformly distributed in the northern and south-
ern hemispheres, and in June and December, it was higher
in the summer hemisphere than in the winter hemisphere.
These results are consistent with the distribution character-
istics of the ionospheric electron content.

Fig. 4 shows the percentage contribution of pTEC to
GPS TEC variation with local time and latitude. As can
be seen in the figure, the percentage contribution of
pTEC reached maximum during nighttime, lower during
daytime, and opposite to the diurnal variation characteris-
tics of pTEC. In addition, the percentage contribution of
pTEC shared obvious seasonal characteristics; the percent-
age contributions of pTEC at different latitudes were not
significantly different at the same local time in March and
September. But in June and December, the percentage con-
tribution exhibited completely opposite characteristics,
wherein it was significantly higher in the summer hemi-
sphere than in the winter hemisphere and was higher in
high latitudes than in low latitudes.

4.2. Diurnal variation

Fig. 5 shows the plasmaspheric electron content pTEC
and the percentage contribution of pTEC to GPS TEC
variation with local time in 2011. As can be seen in the fig-
ure, the pTEC and the percentage contribution of pTEC to
GPS TEC exhibited obvious diurnal variation characteris-
tics. The pTEC was significantly higher during daytime
than during nighttime. Moreover, it reached the maximum
of approximately 7.8TECu at LT 12:00–14:00 gradually
decreased to theminimum at LT 22:00 of�5 TECu, and
then gradually increased. The percentage contribution of
pTEC to GPS TEC was significantly higher during night-
time than during daytime. Moreover, it reached the maxi-
mum of 55% at LT 04:00, but was only 25% at LT 12:00–
14:00.

The diurnal variation of the ionosphere is mainly driven
by solar energy. The ionospheric electron density reaches
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Fig. 4. The percentage contribution of pTEC to GPS TEC variation with local time and latitude in March, June, September and December, 2011.

0 2 4 6 8 10 12 14 16 18 20 22 24
0

2

4

6

8

Local Time (h)

pT
E

C
 (T

E
C

u)

0 2 4 6 8 10 12 14 16 18 20 22 24
0

20

40

60

Local Time (h)

P
er

ce
nt

 (%
)

Fig. 5. The pTEC and the percentage contribution of pTEC to GPS TEC
variation with local time in 2011.

2252 P. Chen, Y. Yao / Advances in Space Research 55 (2015) 2248–2255
its maximum value at noon, while the diurnal variation of
the plasmaspheric is mainly related to the coupling to the
ionosphere. During daytime, the ionosphere electron dif-
fuse up into the plasmasphere, the electron content in the
plasmasphere increases, and the plasmaspheric electron
content decreases mainly because of the electron diffusion
back to the ionosphere at night. During daytime with solar
radiation increasing, the ionospheric electron content
increased rapidly, reducing the percentage contribution of
pTEC to GPS TEC. On the other hand, during nighttime,
solar radiation weakened rapidly, ions and free electrons
recombined, the ionospheric electron content decreased
sharply, and the percentage contribution of pTEC to
GPS TEC increased.
4.3. Annual variation

Fig. 6 shows the pTEC and the percentage contribution
of pTEC to GPS TEC variation with months in the north-
ern and southern hemispheres, respectively. In fact,
COSMIC TEC can be obtained for all longitudes in con-
trast to GPS TEC that have good coverage in the
Northern Hemisphere and only two regions (South
America and Australia) in Southern Hemisphere.

As can be seen in the figure, the annual variation of
pTEC and the percentage contribution of pTEC to GPS
TEC exhibited significant differences in the northern and
southern hemispheres. The pTEC in the northern hemi-
sphere reached maximum in October and minimum in
January. With regard to season, the pTEC was higher in
equinox but lowest in winter. The pTEC in the southern
hemisphere reached maximum in December and minimum
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Fig. 6. The pTEC and the percentage contribution of pTEC to GPS TEC variation with months in the northern and southern hemispheres.
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in July. With regard to season, the pTEC was highest in
autumn and lowest in summer.

The percentage contribution of pTEC to GPS TEC also
exhibited variations in different hemispheres. In the north-
ern hemisphere, the lowest value was obtained in
September and the highest in January; the lower in spring
and autumn and the highest in winter. In the southern
hemisphere, the highest value was obtained in June and
the lowest in November; the highest in summer and the
lowest in autumn. These results also indicate that the char-
acteristics of pTEC variation were opposite to the percent-
age contribution of pTEC to GPS TEC. The percentage
contribution of pTEC to GPS TEC was smaller with larger
pTEC, which is consistent with the conclusions of other
studies that used different methods.

The results show that the pTEC variation is consistent
with the ionospheric electron content, that is, it is minimum
in the winter hemisphere and higher in solstice than in equi-
nox. The seasonal variations of ionospheric electron con-
tent are mainly caused by seasonal changes in neutral
components and the dynamics of the ionosphere
(Richards, 2001; Jee et al., 2004), while the plasmasphere
only contains small amounts of ion and neutral compo-
nents. Therefore, during the quiet period, the seasonal
variations of pTEC are mainly caused by the seasonal
changes in plasmasphere–ionosphere coupling. In addition,
in the Southern Hemisphere the diurnal variation in pTEC
includes some longitudinal dependence due to the different
special data coverage of COSMIC TEC and GPS TEC.

4.4. Variations with latitude

Taking 5� in latitude direction as an interval, the pTEC
and the percentage contribution of pTEC to GPS TEC
variation with latitude were analyzed according to different
seasons and during daytime (LT 08:00–20:00) and night-
time (LT 20:00–08:00).

Fig. 7(a) shows the pTEC of different seasons varying
with latitude during daytime, wherein the pTEC was
generally higher at low latitudes than at high latitudes in
different seasons and no apparent equatorial anomaly
was observed. The variation characteristics in March and
September were consistent, the pTEC maximum value
was near the equator and higher than the two other
months. In June, pTEC maximum was moved to 15�N in
the northern hemisphere and only reached a maximum of
12TECu, which is the lowest value in four months. In
December, the pTEC maximum at 10�S in the southern
hemisphere. In addition, in March, September and
December, the pTEC exhibited a significant trough phe-
nomenon near 20–40�N, the reason for which requires fur-
ther analysis.

Fig. 7(b) shows the pTEC of different season variation
with latitude during nighttime. As can be seen in the figure,
the pTEC between 30�S and 30�N was significantly lower
during nighttime than during daytime, but only slightly
changed in other regions. In addition, no apparent trough
phenomenon between 20�N and 40�N was observed, but
the pTEC of this region was higher during nighttime than
during daytime. The variations were roughly the same in all
months except December, both reached the maximum in
the equatorial region. In December, the southern hemi-
sphere pTEC was significantly higher than in the other
three months.

Fig. 8(a) shows the percentage contribution of pTEC to
GPS TEC variation with different latitudes during daytime.
In March and September, the variation regularity was con-
sistent; higher in high latitudes than in low latitudes, had
an average of �30%, and the obvious trough phenomenon
occurred in the vicinity of 30�N and 25�S. In June, the per-
centage contribution of pTEC to GPS TEC was higher in
the area south of 30�N than in the other three months,
especially in the area south of 15�S, had a maximum of
55%, and was higher than in the other three months by
�20%. In December, the percentage contribution of
pTEC to GPS TEC was lower than in the other three
months in the area south of 30�N and higher than in the
other three months in the area north of 40�N.
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Fig. 8(b) shows the percentage contribution of pTEC to
GPS TEC variation with different latitudes during night-
time. The percentage contribution was significantly higher
during nighttime than during daytime with an average of
�50%. In March and September, no significant difference
was observed in the area south of 15�N, while the percent-
age contribution in the area north of 15�N in March was
5% higher than in September. In June, the percentage
decreased from south to north by over 65% at 65�S but
only 32% at 70�N. In December and June, the overall var-
ies in the contrary, the percentage increased gradually from
south to north by over 60% at 45�N but only 32% at 65�S.
In addition, the percentage exhibited significant peak phe-
nomenon at 35–45�N in all months except in June.

5. Conclusions

This paper presented a method of research on plasmas-
pheric electron content by using COSMIC occultation
and ground-based GPS data. Moreover, this paper ana-
lyzed the characteristics of pTEC variation with several geo-
physical parameters, such as local time, latitude and season.
Given that the ions and free electrons in the plasmas-
phere mainly come from the ionospheric ions and free elec-
trons spread upward, the variation of the plasmasphere is
mainly driven by the ionosphere–plasmasphere coupling,
thereby showing some similar properties with the iono-
sphere. The results show that pTEC exhibited significant
diurnal variation characteristics, that is, pTEC was higher
during daytime than during nighttime, but the percentage
contribution of pTEC to GPS TEC was higher during
nighttime than during daytime. Overall, the pTEC
decreased from the equator to the two poles. Moreover,
the pTEC varied with the seasons; it hemispheres sym-
metrical in spring and autumn, and it is higher in the sum-
mer hemisphere than in the winter hemisphere. However,
the percentage contribution of pTEC to GPS TEC was
higher in the winter hemisphere than in the summer hemi-
sphere and was higher at high latitudes than at low
latitudes.

Further investigations will make use of more data on the
characteristics of pTEC variation and include ocean
altimetry satellite and other type’s observations to improve
reliability.
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