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Abstract We used more than 40 million total electron content (TEC) measurements obtained from the
GPS TurboRogue Space Receiver receiver on board the Jason 1 satellite in order to investigate the global
morphology of the plasmaspheric TEC (pTEC) including the variations with local time, latitude, longitude,
season, solar cycle, and geomagnetic activity. The pTEC corresponds to the total electron content between
Jason 1 (1336 km) and GPS (20,200 km) satellite altitudes. The pTEC data were collected during the 7 year
period from January 2002 to December 2008. It was found that pTEC increases by about 10–30% from low to
high solar flux conditions with the largest variations occurring at low latitudes for equinox. During low solar
flux condition, pTEC is largely independent of geomagnetic activity. However, it slightly decreases with
increasing geomagnetic activity at low latitudes during high solar flux. The seasonal variations such as the
annual and semiannual anomalies in the ionosphere also exist in the low-latitude plasmasphere. In particular,
the American sector (around 300°E) shows strong annual asymmetry in the plasmaspheric density, being
larger in December than in June solstice.

1. Introduction

The plasmasphere is a region of relatively dense and cold plasma (n~ 108m�3, E~ 1 eV) in the inner part of
the magnetosphere while it can also be considered to be a continuation of the ionosphere into the magneto-
sphere. The boundary between both regions is defined as the transition fromO+ to H+ as the primary ion con-
stituent and it occurs at the altitude region of about 500 to 2000 km, depending on geophysical conditions.
Since the density distributions of the plasmasphere is determined by very different physical mechanisms
from the ionosphere, the existence of the plasmasphere makes it difficult to interpret the data from the iono-
spheric measurements such as GPS total electron content (TEC) [Yizengaw et al., 2008; Mazzella, 2009; Bishop
et al., 2009; Thompson et al., 2009; Jee et al., 2010]. The GPS TEC includes not only the ionosphere but also the
most part of the plasmasphere, and it is essential to know the plasmaspheric contribution to GPS TEC for its
applications for the ionospheric studies. Furthermore, the coupling between both regions is known to greatly
influence not only the plasmaspheric density but also the ionospheric density [Carpenter and Park, 1973;
Horwitz et al., 1986; Singh and Singh, 1997; Sandel and Denton, 2007]. There are a number of studies on the
plasmaspheric density distributions from observations and numerical modelings [Park, 1973; Park, 1974;
Park et al., 1978; Clilverd et al., 1991; Guiter et al., 1995; Ganguli et al., 2000; Richards et al., 2000; Belehaki et al.,
2004; Webb and Essex, 2004; Clilverd et al., 2007; Yizengaw et al., 2008; Lee et al., 2013; Huba and Krall, 2013].
However, the observation for the plasmaspheric density is very limited, and therefore, the plasmaspheric
TEC data obtained from Jason 1 satellite provide a valuable opportunity to investigate the characteristics of
the plasmaspheric density distribution.

Jason 1 is the successor to the TOPEX/POSEIDON mission that had been observed ocean surface topography
from 1992 through 2005. Like its predecessor, Jason 1 mission is a joint project between the National
Aeronautics and Space Administration (NASA, United States) and the Centre National d’Etudes Spatiales
(France) space agencies [Fu et al., 1994]. Jason 1 orbits the Earth at an altitude of 1336 km with an inclination
angle of 66° and a period of 112min. There are 127 orbits in each 9.916 day period, which means that the
satellite passes vertically over the same location, to within 1 km, about every 10 days. The satellite orbits
are close to Sun-synchronous and advance by 2° per day. Consequently, it takes about 90 days to cover all
local times. Jason 1 uses a dual-frequency radar altimeter operating simultaneously at 13.6 GHz (Ku band)
and 5.3 GHz (C band) to observe the surface height of the oceans. The TEC measurements obtained from
the down-looking dual-frequency radar altimeter are essentially equivalent to the TEC of the ionosphere in
a vertical column extending from the subsatellite reflection point on the surface of the ocean to the height
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of the satellite at 1336 km altitude, and the TEC observations have been used to study the general
morphology and variability of the ionosphere [Codrescu et al., 1999, 2001; Jee et al., 2004; Vladimer et al.,
1999; Scherliess et al., 2008]

Jason 1 also has a GPS receiver, TRSR (TurboRogue Space Receiver). The TRSR is a high-performance GPS
receiver designed to provide backup precise orbit determination for Jason 1. It measures precise GPS pseu-
dorange and continuous carrier phase data from up to 12 GPS satellites (about six satellites on the average).
The total electron content (TEC) obtained from the pseudorange and carrier phase data provided by TRSR
corresponds to the slant TEC of the plasmasphere at altitudes from 1336 km to 20,200 km. In this study, for
the first time, the plasmaspheric TEC (pTEC) measurements through an up-looking antenna onboard Jason
1 satellite are used to investigate the plasmaspheric TEC climatology. The pTEC measurements are briefly
described in the next section, and the results of the analysis are presented in section 3. Finally, summaries
as well as conclusions are presented in section 4.

2. GPS TEC Measurement From Jason 1

In order to investigate the general plasmaspheric TEC morphology, we used the Jason 1 GPS pTEC measure-
ments that were provided by Archiving, Validation, and Interpretation of Satellite Oceanographic data. The
Jason 1 pTEC data are taken every 30 s and available from 15 January 2002 to 31 December 2008. The TRSR
GPS receiver on board the Jason 1 takes each data from six GPS satellites on average (up to 12 GPS satellites).
Thus, our data set consists of more than 40 million pTEC values (7 years × 365 days × 24 h/d × 60min/h × 2
times/min × 6 GPS satellites).

Plasmaspheric slant TEC values were obtained from pseudorange and carrier phase data from multiple GPS
satellites. The slant TEC data from different viewing geometries were combined by mapping to the vertical
direction using the so-called thin-shell approximation, which is similar to the ionospheric shell approximation
[Mannucci et al., 1993]. The median height of the plasmasphere (shell height) was determined by the physics-
based ionosphere-plasmasphere model, which is about 2000 km above the altitude of Jason 1 satellite. For
the calculation of the plasmaspheric shell height, we assume that the plasmasphere starts from this satellite
altitude. In order to reduce the error associated with the mapping procedure and multipath, the selected TEC
data were restricted to the elevation angles above 60°. One of the largest sources of error in the analysis of
the TEC data is satellite biases, and this bias was subtracted from the slant TEC values before the slant TEC
was converted to vertical TEC. However, since it was not available, the bias of the receiver TRSR was obtained
by assuming that the minimum vertical TEC value is zero, which possibly occurs in the high-latitude regions.
We found that the minimum values occur in the geomagnetic latitude range from ±50° to ±70°. It should also
be noted that the Jason 1 GPS pTEC may not necessarily be the optimum observation to represent the
plasmaspheric total electron content due to the fact that the transition height of O+-H+ can significantly
be varied with geophysical conditions approximately within 500 to 1500 km altitude although the transition
height mostly stays below the Jason 1 satellite orbit [Kutiev et al., 1994; Marinov et al., 2004; Kutiev and
Marinov, 2007].

Figure 1a shows a scatterplot of daily minimum vertical pTEC and the median values (denoted by black
squares) as well as the upper and lower quartile values as a function of day of year (DOY) during the period
from 2002 to 2008. The median and average values of daily minimum vertical pTEC were obtained every
30 days with a 90 day wide bin. The average values are hardly different from the median values and are
not shown here. An error in the plateau region of the curve (about from 2004/150 to 2006/180) is about
0.2 total electron content unit (TECU; 1 TECU= 1016 el/m2). An error is relatively large (up to about 0.5 TECU)
in the regions with large gradients. For example, a relatively large error and increased scatter are seen around
the end of 2006. It could possibly be related to a switch of receivers from TRSR1 to TRSR2 due to TRSR1 failure
in September 2006.

Our study period (2002–2008) includes the maximum and declining phase of solar cycle 23. In order to inves-
tigate whether the decrease of daily minimum pTEC over time is related to the decrease of solar flux or not,
we plotted the daily minimum pTEC (black dots) and F10.7 cm solar flux values (crosses) as a function of day of
year for 2003 in Figure 1b. It is found that the daily minimum pTEC seems not to be correlated with solar
activity condition. Therefore, the daily minimum pTEC can be used as a receiver bias without contamination
of pTEC variations with solar activity condition. The average values of daily minimum pTEC over 90 days were

Journal of Geophysical Research: Space Physics 10.1002/2016JA023444

SHIM ET AL. CLIMATOLOGY OF PLASMASPHERIC TEC 2



used as a receiver bias for the 30 days in the middle of 90 day period. Although there is a possibility to
underestimate or overestimate the plasmaspheric TEC values by using the calculated biases, however, the
general morphology of the resulting plasmaspheric TEC would not be affected.

For the study of the general TEC morphology of the plasmasphere, the data were binned as shown in Table 1.
We used the same binning criteria as used in the previous ionospheric TEC morphology study done by Jee
et al. [2004] to compare with the results of this study. The data are sorted intomagnetic local time (MLT), mag-
netic latitude, geomagnetic activity, solar activity, and seasonal bins. We choose a bin size of 2° × 15min reso-
lution in magnetic latitude and magnetic local time. Kp and F10.7 indices are chosen for the geomagnetic and
solar activities, respectively. The data are sorted into three levels of geomagnetic activity: low (Kp ≤ 1.7,
Kp_ave = 1.0), medium (2.0 ≤ Kp ≤ 3.3, Kp_ave = 2.5), and high (Kp ≥ 3.3, Kp_ave = 3.9) geomagnetic activities.
F10.7 bins have two levels: low (F10.7 ≤ 120, F10.7_ave = 85) and high (F10.7> 120, F10.7_ave = 160) solar fluxes.
We have three seasonal bins with 4month period each: equinox (March, April, September, and October),
December solstice (January, February, November, and December), and June solstice (May, June, July,
and August).

3. Analysis and Results
3.1. Plasmaspheric Climatology

For our global analysis of the plasmaspheric TEC morphology, all the data from different seasons and long-
itudes were combined and averaged to produce plasmaspheric TEC maps in the magnetic latitude and local
time coordinate for different geomagnetic and solar activities as shown in Figure 2. Figure 2 (top row)shows
seasonally and longitudinally averaged pTEC maps for low (Figure 2, left column), medium (Figure 2, middle
column), and high (Figure 2, right column) geomagnetic activity levels for low (Figure 2, top row) and high
(Figure 2, bottom row) solar flux conditions. The range of the color scale for the pTEC maps is from 0 to

Table 1. Binning Criteria for Geomagnetic Activity, Solar Flux, Season, and the Geomagnetic Coordinate System

3 h Kp Index F10.7 cm Flux Season (Month) Magnetic Latitude and MLT

Kp ≤ 1.7 F10.7< 120 Equinox (3, 4, 9, and 10) 2 × 15min
2.0 ≤ Kp ≥ 3.0 F10.7 ≥ 120 June solstice (5, 6, 7, and 8)
Kp ≥ 3.3 December solstice (1, 2, 11, and 12)

Figure 1. (a) Scatterplot for daily minimum values of the plasmaspheric TEC as a function of DOY during the period from
2002 to 2008. The median values of daily minimum TEC (black squares), as well as the upper and lower quartile values,
are shown. (b) Daily minimum values of the plasmaspheric TEC (black circles) and F10.7 solar flux values (crosses) for the
year of 2003.
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9 TECU (1 TECU= 1016 el/m2). Figure 2 (bottom row) shows the standard deviations indicating the variabilities
within each bin described. The color scale for the standard deviations ranges from 0 to 2 TECU.

The pTEC is noticeably larger for high solar flux conditions than for low solar flux conditions. As for the
geomagnetic activity levels, the pTEC seems to be almost independent of the geomagnetic activity for low
solar flux condition (F10.7< 120, F10.7ave ~ 85). For high solar flux condition (F10.7> 120, F10.7ave ~ 160),
however, the pTEC decreases with increasing geomagnetic activity at low latitudes in the early morning
sector of 00:00–06:00 MLT. At higher latitudes, on the other hand, pTEC slightly increases in the southern
hemisphere. Note that the standard deviations are also simultaneously increasing as pTEC increases.

The pTEC shows clear latitude and local time variations. The largest pTEC occurs in the low latitudes and then
it decreases as latitude increases, which is consistent with the spatial geometry of the plasmasphere. There
are also noticeable local time variations, in particular at low latitudes: minimum pTEC occurs right before
the sunrise and the daytime pTEC is mostly larger than the nighttime pTEC. For example, the averaged
pTECs at low latitudes (�12° to 12°) are approximately 7 TECU and 5 TECU during the day (1400–1600 MLT)
and night (0200–0400 MLT), respectively. At midlatitudes (45°–50° in magnetic latitude), however, the differ-
ences between the daytime and nighttime pTEC are relatively small.

Note that the local time variations of pTEC is significantly smaller than the local time variations of the
ionospheric TEC although they both have similar variations with local time: minimum before sunrise,

Figure 2. Seasonally and longitudinally averaged plasmaspheric TEC and standard deviationmaps for (left column) low, (middle column)medium, and (right column)
high geomagnetic activity levels for (top row) low and (bottom row) high solar activity conditions.
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enhancement toward the daytime maximum in the afternoon, and a slow decay in the evening [Codrescu
et al., 1999; Jee et al., 2004; Lee et al., 2013]. For example, in the ionosphere, according to the results of Jee
et al. [2004], TEC in the morning sector increases by about more than 100% from 10 to 20 TECU (20 to
40 TECU) for low (high) solar flux condition, while pTEC in the morning sector increases by only about
20% from 5 to 6 TECU (6 to 7 TECU) for low (high) solar flux condition. Also, the nighttime decay of pTEC
is found to be much slower and less than the ionospheric TEC, particularly in the equatorial region. These
differences were mostly confirmed at Lee et al. [2013] in the direct comparisons between the ionospheric
and plasmaspheric TECs simultaneously measured from Jason 1 satellite.

The standard deviations of pTEC show little local time dependence except for the cases at higher latitudes for
high solar flux, for which the daytime standard deviations are larger than the one at night. The large deviations
occur in the low-latitude regions (�30°–30°) where pTEC itself is also large.

3.2. Seasonal and Solar Activity Variations

In order to study the seasonal variations of the plasmasphere, longitudinally averaged pTECs for equinox,
December solstice, and June solstice are calculated and displayed in Figure 3. For each season, pTECs are
shown for low (Figure 3, left column), medium (Figure 3, middle column), and high (Figure 3, right
coloum) geomagnetic activity levels for low (Figure 3, top row) and high (Figure 3, bottom row) solar flux
conditions. Each season consists of four months: equinox (March, April, September, and October),
December solstice (January, February, November, and December), and June solstice (May, June, July,
and August).

The local time variations of pTEC show little differences for all three seasons: that is, there is a minimum
before sunrise, a relatively large increase toward a peak in the afternoon, and a slow decay at night
[Codrescu et al., 1999; Jee et al., 2004]. In the low latitudes, the lowest pTECs occur for June solstice
but the highest pTECs occur for equinox, in particular, for high solar flux condition, which are reminiscent
of annual and semiannual anomalies in the ionosphere. At higher latitudes, greater than 45°. in latitude,
pTECs for solstices are larger in the summer hemispheres than in the winter hemisphere for high solar
flux condition. However, this hemispheric difference is hardly visible for low solar flux condition in
Figure 3.

In order to see latitudinal and local time pTEC variations in more detail, Figures 4a–4c show the longitudinally
averagedpTEC values plotted as a functionofmagnetic latitude at four local time sectors (02–04, 08–10, 14–16,
and 20–22MLT) from the TECmaps in Figure 3 for equinox, December solstice, and June solstice, respectively.
The pTEC variations are simultaneously displayed for low (thin line) and high (thick line) solar flux conditions as
indicated in the figure.

For equinox in Figure 4a, pTECs are almost symmetric around the peak at the geomagnetic equator, decreas-
ing with increasing latitudes, except for the high-latitude boundary regions. Even for solstice periods, the low-
latitude and midlatitude TECs are fairly symmetric in Figures 4b and 4c. However, the summer (southern)
hemisphere in December shows larger TEC than in winter (northern) hemisphere, especially in the morning
sector (0800–1000 MLT) for high solar flux condition. Note that the plasmaspheric density distribution is
purely dependent on the coupling processes to the ionosphere during geomagnetically undisturbed periods
and the coupling processes can be different in the summer and winter hemispheres. The larger TEC in
summer hemisphere may indicate that there are more ionospheric plasma moving up to the plasmasphere
in the summer hemisphere than in thewinter hemisphere. The prevailing summer-to-winter interhemispheric
wind for solstices may enhance the upward plasma flow from the ionosphere to the plasmasphere in the
summer hemisphere, but it works reversely to reduce the plasmaspheric density in the winter hemisphere
[Evans and Holt, 1978].

The density differences among the three seasons are almost negligible during low solar flux condition but,
as is pointed out earlier with Figure 3, seasonal variations become noticeable for high solar flux condition.
It is also noted that the density differences from low (F10.7 ~ 85) to high (F10.7 ~ 160) solar flux conditions
are negligibly small comparing the ionosphere that shows more than a factor of 2 differences with similar
solar flux change. The maximum difference is only about 2 TECU for equinox during low geomagnetic
activity in Figure 4a, which is only about 30% increase from low to high solar flux. The differences are
much smaller in other cases. This pTEC variation with solar flux condition indicates that the large
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ionospheric density changes with solar flux are not reflected in the plasmasphere via a direct plasma
transport between them. In other words, the daytime upward plasma transport from the ionosphere to
the plasmasphere seems not to be necessarily enhanced with increasing solar flux even though the
ionospheric density greatly increases.

Figure 3. Longitudinally averaged pTEC maps for equinox, December solstice, and June solstice. For each season, pTECs are shown for (left column) low, (middle
column) medium, and (right column) high geomagnetic activity levels for (top row) low and (bottom row) high solar activity conditions.
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Figure 4. (a) Longitudinally averaged pTEC as a function of magnetic latitude during equinox at four given local time sec-
tors (top to bottom). pTECs are shown for (left) low, (middle) medium, and (right) high geomagnetic activity levels. The thin
and thick lines are for low and high solar activity conditions, respectively. (b) Same as Figure 4a but for December solstice.
(c) Same as Figure 4a but for June solstice.
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3.3. Longitudinal Variations

So far, all of our results were pertained to longitudinally averaged conditions and no distinctions from
longitude were made. Figure 5 shows seasonal TEC maps in three longitude sectors (in three columns)
for geomagnetically quiet conditions (Kp< 3.0, Kp_ave = 1.67). The three selected longitude sectors include
Pacific (150°–280°E), Atlantic (280°–30°E), and Indian (30°–150°E), and the choice of three longitude bins was
motivated by the work of Jee et al. [2004]. For each season, Figure 5 (top and bottom) are for low and high
solar flux conditions, respectively. The spots with black color in the low-latitude regions are the locations
where no data points exist. For both low and high solar flux conditions, all three seasons show the apparent
evidence of longitudinal dependence of pTEC. For example, the low-latitude pTECs in December are largest
in the Atlantic sector, but in June, they are lowest in the same longitude sector.

In order to further investigate the latitudinal and local time dependences of the longitudinal pTEC variations,
the pTEC maps are presented in the magnetic latitude and geographic longitude coordinate for geomagne-
tically quiet condition (Kp< 3.0, Kp_ave = 1.67) in Figure 6. TECmaps for daytime (0060–1800 MLT) and night-
time (0000–0600 MLT) are separately presented for each season and solar flux condition as indicated in the
figure. The relatively large local time bins were applied to have a good data coverage. Note that reducing the
bin sizes (for example, 1200–1500 MLT and 0000–0300 MLT) does not make any noticeable difference.

As is found in Figure 5, TEC maps in Figure 6 exhibit significant longitudinal variations in the low-latitude
region with noticeable seasonal discrepancies. The most notable features are wide equatorial density peak
and trough occurring at around 300°E longitude in December and June solstices, respectively. This feature
is particularly noticeable at night. Figures 7a–7c show scatterplots of the nighttime and daytime pTECs versus
geographic longitude for equinox (Figure 7a), December solstice (Figure 7b), and June solstice (Figure 7c).
The three columns of the scatterplots correspond to the southern middle latitudes (�50 to �45), low lati-
tudes (�12–12), and northern middle latitudes (45–50) from left to right. Superimposed in each plot are
the average TECs and standard deviations around them as error bars. These scatterplots clearly exhibit
December peaks and June troughs at around 300°E longitude both during the day and night in Figures 7b
and 7c, respectively, which can be interpreted as an annual anomaly in the plasmasphere. The annual

Figure 4. (continued)
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anomaly in the plasmasphere has been reported in previous studies [Park, 1974; Park et al., 1978; Clilverd et al.,
1991; Guiter et al., 1995; Richards et al., 2000; Clilverd et al., 2007; Menk et al., 2012; Lee et al., 2013]. However,
the global picture of the annual anomaly in the plasmasphere was not available until Jason 1 satellite
observation provides the plasmaspheric pTEC over the entire period of declining phase of solar cycle.
Clilverd et al. [2007] found that the largest annual variation occurred at American longitudes, but only
using CRRES satellite measurements of equatorial electron density in the range of L = 2.5–5.0 during the
solar maximum period of 1990–1991. Menk et al. [2012] also found similar result using satellite in situ
measurements of electron densities for solar maximum period. The present study showed that the annual

Figure 5. Seasonal pTEC maps in three longitude sectors (in three columns) for geomagnetically quiet condition (Kp< 3.0, Kp_ave = 1.67). For each season, top and
bottom plots are for low and high solar activity conditions, respectively.
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variation over the American sector results from the longitudinal variations with almost opposite phase for
December and June solstices, regardless of solar activity.

For equinox (Figure 7a), there are also significant longitudinal variations particularly in the nighttime equator-
ial region but almost negligible during the day. In the midlatitude plasmasphere, the longitudinal variations
are negligibly small except for the nighttime high solar flux conditions which show discernable variations in
the northern midlatitude (45°<magnetic latitude (MLAT)< 50°) for equinox (Figure 7a) and in the southern
midlatitude (�50°<MLAT<�45°) for December solstice (Figure 7b).

There are two major factors influencing the longitudinal variations of the ionosphere: magnetic declination
and forcing from the lower atmosphere. The magnetic declination works with the neutral winds to affect
the longitudinal variations of the electron density in the midlatitude ionosphere. The relatively large longitu-
dinal variation of the magnetic declination, in particular, in the southern hemisphere is closely related to the
longitudinal variation of plasma transport by the zonal component of the neutral wind, which results in the

Figure 6. Nighttime and daytime pTEC maps as a function of magnetic latitude and geographic longitude for three seasons (in columns) during geomagnetically
quiet condition (Kp< 3.0, Kp_ave = 1.67). For each time period, top and bottom plots are for low and high solar activity conditions, respectively.
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longitudinal variations of the midlatitude ionospheric density such the Weddell Sea Anomaly [Horvath, 2006;
Jee et al., 2009]. The lower atmospheric forcing propagates upward into the upper atmosphere in form of the
atmospheric waves, such as gravity wave and tide, to produce significant variations of the ionospheric density
with longitude in the equatorial region [e.g., Sagawa et al., 2005; Immel et al., 2006; Kil et al., 2007; Kim et al.,
2008]. However, we have not found any such corresponding longitudinal variations in the plasmasphere.
This result indicates that the plasmaspheric density is not linearly correlated with the ionospheric density
although the coupling to the ionosphere is themain factor to control the plasmaspheric density distributions.

3.4. Geomagnetic Activity Variations

Figures 2–4 present the pTEC variations with geomagnetic activity. For F10.7< 120, there are slight TEC
enhancements at high latitudes in the southern hemisphere and also small decrease at low latitudes in the
early morning sector, but the overall morphology of pTEC seems to be largely independent of geomagnetic
activity. For F10.7> 120, pTECs are found to decrease with geomagnetic activity at low latitudes, especially for
equinox (see Figure 4a), but it slightly increases at high latitudes in the southern hemisphere (see Figure 3). In
the midlatitude region, however, pTEC variations are nearly negligible (see Figure 4). On the whole, pTEC var-
iations with geomagnetic activity are relatively small. The plasmasphere is known to experience a density
depletion via the erosion of plasma during geomagnetic storm. However, the erosion process occurs in the
outermost part of the plasmasphere in which the plasma density is small, and therefore, its contribution to
pTEC may not be large enough to be noticed in the pTEC climatology.

4. Summary and Conclusion

The total electron content of the plasmasphere (1336–20,200 km altitude region) had been measured by
the GPS receiver on board the Jason 1 satellite during the declining phase of solar cycle 23 from 2002
to 2008. The statistical analysis of the data provides the overall characteristics of the plasmaspheric density,
specifically the density variations with latitude and longitude, local time, season, and solar and magnetic
activities:

1. Local time: a minimum density occurs just before sunrise. The density increases after sunrise toward the
broad peak in the afternoon and then a slow decay after sunset. The density difference between the day
and night is not as large as in the ionosphere.

Figure 7. (a) Scatterplots for nighttime and daytime pTEC as a function of geographic longitude for three magnetic latitude regions (in columns) for equinox during
geomagnetically quiet condition (Kp< 3.0, Kp_ave = 1.67). For each time period, top and bottom plots are for low and high solar activity conditions, respectively. The
black squares represent average values, and the vertical bars show standard deviations. (b) Same as Figure 7a but for December solstice. (c) Same as Figure 7a but for
June solstice.
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2. Season: the low-latitude plasmaspheric density is overall lowest for June solstice and highest for
equinox, which is similar to the annual and semiannual anomalies in the ionosphere, but this seasonal
variation is almost negligible for low solar flux condition. There are hemispheric asymmetries in the
plasmaspheric density for solstices: in general, the summer hemisphere shows larger density than the
winter hemisphere.

3. Solar activity: the plasmaspheric density increases by about 10–30% with solar activity, but the change is
relatively small compared with the large ionospheric density change of more than 100%.

4. Latitude: the maximum density occurs over the magnetic equator and then decreases with latitude.
5. Longitude: there are significant variations with longitude in the plasmasphere. In particular, the variations

for solstices show very systematic differences, which results in strong annual asymmetry (being greater in
December than in June) in the American sector (around 300°E).

6. Geomagnetic activity: the plasmaspheric density shows little variation with geomagnetic activity for low
solar flux condition. For high solar flux condition, however, the equatorial density decreases with geomag-
netic activity but it slightly increases in the southern high-latitude region. The midlatitude pTEC variations
are nearly negligible regardless of solar flux condition.

Considering the close coupling between the plasmasphere and the ionosphere, it is expected that the state
of the ionosphere should be somewhat reflected in the plasmasphere. However, the results of this study
showed that the characteristics of plasmaspheric TEC is significantly different from the ionosphere. This indi-
cates that the coupling processes between the two regions are not simple and linear to directly connect one
to the other region. Moreover, it is further complicated by the storm time depletion of the plasmaspheric
density into the outer space. For better understanding of the coupling processes between the ionosphere
and the plasmasphere, it would be necessary to have more observations not only for the plasmaspheric
TEC but also for plasma density profiles with height if available.
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