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[1] Constellation Observing System for Meteorology Ionosphere and Climate (COSMIC)
observations of the total electron content (TEC) above and below 800 km are used to
study the local time and seasonal variation of longitude structures in both the F region
ionosphere as well as the topside ionosphere and plasmasphere. The COSMIC observations
reveal the presence of distinct longitude variations in the topside ionosphere-plasmasphere
TEC, and these further exhibit a seasonal and local time dependence. The predominant
feature observed at all local times in the topside ionosphere-plasmasphere TEC is a
substantial maximum (minimum) during Northern Hemisphere winter (summer)
around 300°–360° geographic longitude. Around equinox, at a fixed local time, a wave 4
variation in longitude prevails in the daytime F region TEC as well as the topside
ionosphere-plasmasphere TEC. The wave 4 variation in longitude persists into the
nighttime in the F region; however, the nighttime topside ionosphere-plasmasphere TEC
exhibits two maxima in longitude. The COSMIC observations clearly reveal the presence
of substantial longitude variations in the F region and topside ionosphere-plasmasphere,
and to elucidate the source of the longitude variations, results are presented based on the
coupling between the Global Ionosphere Plasmasphere model and the Thermosphere
Ionosphere Electrodynamics General Circulation Model. The model simulations
demonstrate that the orientation of the geomagnetic field plays a fundamental role in
generating significant longitude variations in the topside ionosphere-plasmasphere but does
not considerably influence longitude variations in the F region ionosphere. The model
results further confirm that nonmigrating tides are the primary mechanism for generating
longitude variations in the F region ionosphere. The coupled model additionally
demonstrates that nonmigrating tides are also of considerable importance for the generation
of longitude variations in the topside ionosphere-plasmasphere TEC.
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1. Introduction

[2] The connection between longitudinal variations in
the ionospheric F region and vertically propagating non-
migrating tides of tropospheric origin was first suggested by
Sagawa et al. [2005]. A number of subsequent observa-
tional and modeling studies have clearly demonstrated the
presence of longitudinal variability in various parameters
such as ionospheric electron densities and total electron

content (TEC), the equatorial electrojet, as well as thermo-
sphere O/N2 ratio, density and winds [England et al., 2006;
Forbes et al., 2009; Hagan et al., 2007; Häusler et al.,
2010; He et al., 2010; Lin et al., 2007; Lühr et al., 2008;
Scherliess et al., 2008; Wan et al., 2008]. Throughout most
of the year, the predominant feature of the low-latitude
ionosphere, when observed at a fixed local time, is a wave
number 4 (hereafter wave 4) variation in longitude and the
vast majority of research has focused on this feature. The
wave 4 structure in longitude exhibits a significant seasonal
variation with a maximum amplitude occurring during July-
October. Through comparison with the seasonal variation of
different nonmigrating tide amplitudes, the wave 4 signature
in the ionosphere has been attributed to the eastward prop-
agating diurnal nonmigrating tide with zonal wave number
3 (DE3) [e.g., Pancheva and Mukhtarov, 2010; Wan et al.,
2008, 2010]. The wave 4 variation in the ionosphere is also
observed to exhibit a phase shift of ∼90°/24 h local time
[e.g., Wan et al., 2008]. This is the same phase shift as the
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DE3 tide, providing additional evidence that the DE3 tide is
the primary mechanism for producing the wave 4 longitude
variation in the ionosphere. The connection between the
DE3 tide and the ionosphere is further supported by the fact
that the DE3 appears as a wave 4 variation in longitude
when viewed from a fixed local time perspective.
[3] The mechanism by which the DE3 tide may introduce

longitudinal variability into the low-latitude ionosphere is as
follows. During the daytime, DE3 zonal winds in the iono-
spheric dynamo region (90–150 km) modulate the iono-
spheric wind dynamo which generates the low-latitude
electric fields and currents [e.g., Jin et al., 2008]. This results
in a longitudinal modulation of the low-latitude electric field
strength which in turn influences the vertical E × B plasma
drifts that control the formation and strength of the equato-
rial ionization anomaly (EIA). The variations in the EIA
strength with longitude result in both larger EIA crest den-
sities and a greater latitudinal separation of the EIA crests
[e.g., Immel et al., 2006]. In addition to E × B vertical
drifts, other mechanisms may contribute to the formation of
the wave 4 longitude variation in the ionosphere [England
et al., 2010]. It should be noted that these processes are
not restricted to DE3 and other nonmigrating tides are likely
to significantly impact the low-latitude electrodynamics and
ionospheric densities. This is particularly relevant during
November-February when the amplitudes of other non-
migrating tides surpass that of DE3. The dominance of
other nonmigrating tides in the ionospheric dynamo region
during these time periods introduces other longitude varia-
tions such as wave 2 or wave 3 variations in longitude [e.g.,
Forbes et al., 2008; Pedatella et al., 2008]. Additionally, a
number of other waves, such as stationary planetary wave 4
(SPW4) or the nonmigrating semidiurnal eastward propa-
gating tide with zonal wave number 2 (SE2), may also
contribute significantly to the observed ionospheric wave 4
longitude structure [Hagan et al., 2009; Oberheide et al.,
2011].
[4] Since nonmigrating tides considerably influence the

strength and formation of the EIA, the ionospheric signature
of nonmigrating tides is most pronounced in the low-latitude
F region [e.g., Lin et al., 2007]. However, observations and
modeling results have demonstrated the presence of longi-
tude variations in the topside ionosphere [Hartman and
Heelis, 2007; Kil et al., 2008; Ren et al., 2008; Fang et al.,
2009; Huang et al., 2010; Kakinami et al., 2011]. These
studies have revealed the occurrence of longitude variations
up to 840 km altitude. Furthermore, the longitudinal varia-
tions appear to evolve with altitude which may be related to
the relative importance and differences in neutral winds,
composition, and E × B drift in different altitude regimes.
The variation in altitude of the longitude structures is par-
ticularly apparent around solstice, when the observed lon-
gitude variations in the topside ionosphere [e.g., Huang
et al., 2010] are significantly different than those observed
at F region altitudes [e.g., Pedatella et al., 2008; Scherliess
et al., 2008]. While the modulation of the EIA strength by
nonmigrating tides adequately explains the presence of
longitudinal variations in the F region, this mechanism
alone may not fully explain the occurrence and structure of
longitudinal variations in the topside ionosphere. In regions

of large magnetic field declination, significant seasonal
differences in the ion density and E × B drift velocity near
840 km based on measurements from the Defense Meteo-
rological Satellites Program (DMSP) satellites are observed
[Hartman and Heelis, 2007; Huang et al., 2010]. The
geomagnetic field declination is considered to play a fun-
damental role in generating longitude variations in the top-
side ionosphere. Zonal neutral winds in combination with
the magnetic field declination will enhance (reduce) the
vertical field-aligned wind resulting in regions of larger
(smaller) ion density in the topside ionosphere [e.g.,
Watanabe and Oyama, 1996; Huang et al., 2010]. Kakinami
et al. [2011] also suggest that the meridional neutral winds
may influence the longitude variations in the topside iono-
sphere. Meridional winds may also contribute to longitude
variations in the topside ionosphere due to the displacement
of the geographic and geomagnetic equators [Su et al.,
1996]. The seasonal variation in the winds will introduce a
seasonal variation to the longitude variation in the topside
ionosphere.
[5] In addition to the geomagnetic field orientation,

longitudinal variations in the topside ionosphere may be
connected to vertically propagating nonmigrating tides of
tropospheric origin. Nonmigrating tides may introduce
longitude variations in the topside ionosphere through var-
iations in the vertical E × B drifts and/or scale height per-
turbations. Recent observations have demonstrated the
existence of nonmigrating tides in thermospheric density
and winds, as well as exospheric temperature [Forbes et al.,
2009; Talaat and Lieberman, 2010]. The tidal variations in
exospheric temperature observed by Forbes et al. [2009]
can influence the topside ionospheric scale height, and, in
turn, ionospheric densities in the topside ionosphere. It is
worth noting that the nonmigrating tides present in the
thermosphere and exosphere are attributed to direct tidal
penetration, and are not the result of ion-neutral coupling.
This is particularly apparent for the DE3. Evidence for the
direct penetration of the DE3 into the thermosphere is pro-
vided by the consistency between thermospheric observa-
tions and those predicted by Hough mode extensions
(HMEs), which do not account for the day-night variations
of ion-neutral coupling [e.g., Forbes et al., 2009; Oberheide
et al., 2009]. It is, therefore, important to consider the direct
penetration of the DE3 into the thermosphere as a mecha-
nism for introducing longitude variations in the topside
ionosphere.
[6] While past studies have demonstrated the presence of

longitude variations in the topside ionosphere, the mechanisms
responsible for their formation and how they compare to
similar features in the F region remains unclear. The present
study aims to further understand the longitude variations in
the topside ionosphere and plasmasphere electron densities
through both observations and numerical simulations. We uti-
lize observations from the Constellation Observing System
for Meteorology, Ionosphere, and Climate (COSMIC) satel-
lites to obtain simultaneous observations of the TEC above
and below 800 km altitude. This allows us to study the
similarities and differences between longitude structures in
the F region and topside ionosphere-plasmasphere along
with their local time and seasonal dependencies. We further
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present numerical model results which demonstrate the
relative importance of nonmigrating tides and the geomag-
netic field on generating longitude variations in the topside
ionosphere.

2. COSMIC TEC Observations

[7] The COSMIC consists of six microsatellites and was
launched in April 2006 to study the Earth’s neutral atmo-
sphere and ionosphere through the technique of GPS radio
occultation. The satellites were initially launched into an
orbit near 500 km altitude and over the following 17 months
gradually moved into the final orbit configuration. In the
final orbit, the six satellites are evenly distributed in longi-
tude at an altitude of ∼800 km and an orbital inclination
of 72° [Anthes et al., 2008]. In the present study we use
COSMIC observations during 2008 when all of the satellites
(with the exception of COSMIC-3 which is not used) were in
their final orbit. The fairly even distribution in longitude
combined with the local time precession of ∼12 min per day
make the COSMIC well suited for studying longitude and
local time variations in the ionosphere. Each of the COSMIC
satellites is equipped with two GPS antennae for GPS radio
occultation, two GPS antennae for precise orbit determina-
tion (POD), a tiny ionospheric photometer and a triband
beacon [Rocken et al., 2000; Cheng et al., 2006]. In the
present study we use ionospheric observations of TEC from
both the POD antennae and also from vertical electron den-
sity profiles obtained through the method of radio occulta-
tion. The TEC from the POD antennae provide information
on electron densities above 800 km while the TEC from radio
occultation provides details on the electron density up to
800 km. This method thus permits separation of the iono-
spheric densities into two distinct altitude regions. Further
details on each of these observations are provided in the
subsequent sections.

2.1. Observations of TEC Between 800 and 20200 km
[8] The quasi-zenith directed POD antennae onboard

the COSMIC satellites provides information on the TEC
between the COSMIC orbital altitude (∼800 km) and the
GPS orbital altitude (∼20200 km). The TEC in this region is
representative of the electron densities in the topside iono-
sphere and plasmasphere. Based on these observations
alone it is not possible to distinguish between these two
regions and we thus refer to these observations as the top-
side ionosphere-plasmasphere TEC throughout the remain-
der of the text. However, we should note that during 2008,
the transition height from an O+ dominated ionosphere to
one dominated by light ions (H + and He+) is near 800 km
[Tulasi Ram et al., 2010] The COSMIC POD TEC obser-
vations can thus be considered as primarily representative of
the TEC in the plasmasphere. The TEC is obtained from the
GPS observables of phase and pseudorange and details
concerning the methods used to determine the TEC are
given by Pedatella and Larson [2010] and not repeated
herein. For the present study, all of the quiet time (Kp < 3)
vertical TEC observations from the POD antennae during
2008 are binned in magnetic latitude, geographic longitude,
local time and day of year. The bin sizes are 2.5° in mag-
netic latitude, 24° in geographic longitude and 2 h in local

time. Note that in the analysis we mix magnetic and geo-
graphic coordinates since the longitude variations in the ion-
osphere are typically considered in a geographic coordinate
frame. Magnetic latitude is used since the TEC is generally
symmetric about the magnetic equator. The binning is per-
formed using a running 45 day window of observations
centered on each day of the year. The observations are fairly
evenly distributed throughout the data bins and each bin has
∼400–500 data points. Although the COSMIC provides
adequate sampling on shorter time scales, a 45 day window
of observations is used to reduce the effect of data noise,
which may arise due to multipath, while still providing an
adequate characterization of the seasonal variations.

2.2. Observations of TEC Below 800 km
[9] In order to study the longitude variations at predomi-

nately F region altitudes, COSMIC observations of vertical
electron density profiles obtained through the technique of
GPS radio occultation are used. The COSMIC electron
density profiles extend up to ∼800 km altitude and are in
general agreement with incoherent scatter radar and iono-
sonde observations [Lei et al., 2007; Kelley et al., 2009]. For
the present study, we use electron density profiles during
quiet time periods (Kp < 3) of 2008 obtained through the
COSMIC Data Analysis and Archive Center (CDAAC)
(http://cosmic-io.cosmic.ucar.edu/cdaac/). For all profiles
that extend upward of 750 km, the measured electron den-
sities are used to calculate the integrated TEC between
250 km and top of the profile. Only profiles with a maxi-
mum altitude of greater than 750 km are used so that all of
the computed TEC values encompass roughly the same
altitude domain. Note that the upper boundary of the com-
puted TEC is slightly variable. However, the upper bound-
ary altitudes vary by ∼50 km, and this is not thought to have
any impact on the results. Although the altitude of the upper
boundary is variable, throughout the remainder of the text,
for ease of discussion, we refer to the upper boundary as
being 800 km. The lower altitude of 250 km is selected to
minimize errors that may be introduced by the Abel inver-
sion used to obtain the electron density profile [e.g., Liu
et al., 2010]. Although we integrate up to ∼800 km, the
TEC in this altitude region will largely be dominated by
electron densities in the F region and thus these observations
are suitable for studying variations primarily occurring at
F region altitudes. The COSMIC electron density profiles
are not strictly vertical profiles and the computed TEC for
each electron density profile is geographically located at the
latitude and longitude of the tangent point corresponding to
the maximum electron density. To facilitate comparison
with the results for altitudes above the COSMIC satellite
altitude, the TEC from the COSMIC electron density profiles
are binned using the same method as discussed in section 2.1
for binning of the topside ionosphere-plasmasphere TEC.We
do note, however, that there are considerably fewer data
points for the COSMIC TEC below 800 km and each bin
contains ∼15–25 points. This difference is primarily driven
by the different temporal sampling of GPS radio occultation
compared the TEC observations from the POD antenna.
While the POD data are nearly continuous, GPS radio
occultation data are only available when the geometry
between the COSMIC and a GPS satellite is suitable and

PEDATELLA ET AL.: TOPSIDE LONGITUDE VARIATIONS A12309A12309

3 of 14



thus there are significantly fewer GPS radio occultation
observations.

3. Model Description

[10] To investigate the source of the longitude variations
in the F region ionosphere and the topside ionosphere and
plasmasphere we have coupled the Global Ionosphere
Plasmasphere (GIP) model [Millward et al., 2007] to the
National Center for Atmospheric Research (NCAR) Ther-
mosphere Ionosphere Electrodynamics General Circulation
Model (TIE-GCM) [Richmond et al., 1992]. A brief
description of the individual models is provided below
along with details regarding the coupling of the two models.
[11] The GIP model is based on the ionosphere-

plasmasphere part of the Coupled Thermosphere Ionosphere
Plasmasphere (CTIP) model [Millward et al., 2001] and
solves the coupled equations of continuity, momentum and
energy balance in a magnetic coordinate system. Densities,
temperatures and velocities are calculated for O+ and H +

ions and the additional ions (N +, N2
+, O2

+, NO+) are calcu-
lated based on chemical equilibrium. In the GIP model, the
equations are solved along realistic geomagnetic field lines
based on the magnetic apex coordinate system [Richmond,
1995] and the International Geomagnetic Reference Field
(IGRF). This represents a significant improvement upon the
dipole geomagnetic field utilized in the CTIP model since
the GIP includes distortions of the geomagnetic field which
can have a significant influence on the ionosphere. The GIP
model is separated into a low- to middle-latitude region
where interhemispheric transport along flux tubes is taken
into account and a high-latitude portion where there is no
plasma flux across an upper boundary of 10000 km. For
the present study we are only concerned with the low- to
middle-latitude region which extends to L = 4 (∼60° mag-
netic latitude), where L is the L shell [McIlwain, 1961]. The
flux tubes in the low- to middle-latitude region are spaced
4.5° in magnetic longitude and each magnetic meridian
includes 67 flux tubes in latitude (or altitude). The base of
each magnetic flux tube is at 90 km and they extend to
∼19000 km. Last, we note that the GIP only solves for the
ions and electrons in the ionosphere and plasmasphere and
does not include calculation of the thermosphere or elec-
trodynamics. It thus requires input of the neutral thermo-
sphere and E × B drift velocities from an external source,
such as an empirical model.
[12] The TIE-GCM globally solves the dynamical

equations for the thermosphere and ionosphere with self-
consistent electrodynamics. The electrodynamics are cal-
culated using a realistic geomagnetic field (IGRF) and
magnetic apex coordinate system [Richmond, 1995]. At
each time step the model calculates the neutral temperature,
winds, and densities of various atmospheric constituents as
well as the ionospheric structure on fixed pressure levels.
The resultant neutral winds, ion densities, and calculated
conductivities are then used to solve for the electric poten-
tial at each time step. For the present study, the TIE-GCM is
run with a horizontal resolution of 2.5° in geographic lati-
tude and longitude and a vertical resolution of four points
per scale height. The lower boundary of the model is at
approximately 97 km and the upper boundary ranges from
400 to 700 km depending on solar flux conditions.

[13] In an effort to improve upon the shortcomings in each
model, we have coupled the GIP model to the TIE-GCM.
Hereafter we will refer to the coupled model as GIP-
TIEGCM. There are two significant advantages resulting
from this coupling. First, the neutral thermosphere and
electrodynamics that need to be specified for the GIP can be
solved directly in a self-consistent manner and thus do not
need to be based on empirical thermosphere or electrody-
namic models. The coupling of these two models also
eliminates the artificial upper boundary of the TIE-GCM. It
is thus no longer necessary to specify ion number and elec-
tron heat fluxes between the ionosphere and plasmasphere
across the model upper boundary. This should, in principal,
improve the description of the low-latitude ionosphere and
electrodynamics. Rather than including an interface between
the two models at the upper boundary of the TIE-GCM,
the models are completely coupled and the ionosphere in the
TIE-GCM is entirely replaced by the GIP ionosphere. The
TIE-GCM electrodynamics solver is used and the necessary
field line integrals of conductivity and wind-driven current
density are calculated along the GIP flux tubes. The electric
fields calculated within the TIE-GCM are then used to cal-
culate the vertical and zonal E × B drift velocities used for
the ionospheric calculations. In the GIP model we have
included zonal E × B drifts which represents an improve-
ment upon the original CTIP model which only includes
drift in the magnetic meridional plane. The inclusion of
zonal drifts in the model is important for the present study
since they may contribute to longitudinal variations in the
topside ionosphere [e.g., Huang et al., 2010]. The TIE-
GCM also provides the neutral thermosphere densities,
temperature, and winds that are required for the GIP cal-
culations. The TIE-GCM electron temperature calculation
is also used in the coupled model. Because neutral hydrogen
is not included in the TIE-GCM, in the coupled model it is
still specified empirically based on the Mass Spectrometer
Incoherent Scatter (MSIS) model [Picone et al., 2002].
Since the height domains of the GIP and TIE-GCM models
are different, it is necessary to make some assumptions
regarding the neutral thermosphere so that it encompasses
the entire GIP grid. Above and below the TIE-GCM domain
we assume constant winds and neutral temperatures. The
individual constituents of the neutral atmosphere are
extrapolated assuming a constant scale height where the
scale height is determined at each latitude and longitude
grid point from either the highest (for extrapolating up) or
lowest (for extrapolating down) two grid points in the ver-
tical direction. Because we use the electron temperatures
calculated by the TIE-GCM, it is also necessary to extrap-
olate the electron temperatures to encompass the entire GIP
domain. The extrapolation of electron temperatures is
slightly more complex than the neutral thermosphere due to
its height variation. Up to 350 km altitude, the electron
temperatures are based on those calculated by the TIE-
GCM. Above this altitude, the electron temperature is
extrapolated along field lines based on the temperature and
vertical gradient at 350 km. Details on the field line
extrapolation of electron temperatures can be found in
Titheridge [1998]. Note that the coupled GIP-TIEGCM is
still in a developmental stage; however, for the purposes of
the present study, it has been adequately tested to confirm
that the model provides reasonable results.
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[14] The GIP-TIEGCM has been used to perform
several simulations in an effort to reproduce and under-
stand the causes of observed longitude variations in both the
F region as well as the topside ionosphere and plasma-
sphere. Simulations have been performed for September
equinox and December solstice under solar quiet (F10.7 =
60 10−22Wm−2 Hz−1) conditions. Note that the mean solar
flux during 2008 was 69 10−22Wm−2 Hz−1, and thus this
solar flux is slightly below the actual conditions during
2008. However, it was necessary to run the model at a
slightly lower solar flux so that the F region electron den-
sities from the model match observations during 2008. Each
simulation is initialized from a 20 day run of TIE-GCM
(version 1.92). The coupled model is then run for 10 days
so that the model reaches a steady state. Two simulations
are performed for each season: one where the TIE-GCM
lower boundary near 97 km is forced with diurnal and
semidiurnal migrating and nonmigrating tides and another
with no tidal forcing at the lower boundary. This allows us
to separate the effects of longitude variations due to non-
migrating tides and those that may be related to the orien-
tation of the geomagnetic field. The lower boundary tidal
forcing is based on Hough Mode Extensions (HMEs)
obtained from Thermosphere Ionosphere Mesosphere
Energetics and Dynamics (TIMED) TIMED Doppler Inter-
ferometer (TIDI) and Sounding of the Atmosphere using
Broadband Emission Radiometry (SABER) observations
[Forbes et al., 2009; Oberheide et al., 2009, 2011]. The
HMEs used are based on observations from 2002 to 2008
and thus are considered to be representative of the tidal
climatology at ∼97 km. In September, as shown in the fol-
lowing section, the daytime ionosphere exhibits a distinct
wave 4 pattern and prior studies have connected this lon-
gitude variation to the DE3 tide [e.g., Immel et al., 2006;
Wan et al., 2008]. We have adjusted the DE3 amplitude and
phase at the lower boundary during September in order to
achieve good agreement between the observations and
model results for the TEC up to 800 km. As the present
study is primarily concerned with the difference in longi-
tude variations of TEC above and below 800 km we have
chosen to adjust the model forcing so that the model results
above 800 km should be representative of the actual con-
ditions. Adjusting the model forcing in this manner permits
a more accurate comparison with observations of the top-
side ionosphere-plasmasphere TEC. A mixture of non-
migrating tides is likely to create the longitude variations
that are observed in December and this complicates any
adjustment of the lower boundary forcing to match the
observations as was done for the September simulations.
We therefore do not make any effort to adjust the lower
boundary forcing for the December simulation.
[15] For comparison with the observations, the model

results are used to calculate the TEC in the topside ionosphere-
plasmasphere up to 20200 km. Since the model domain
extends only to ∼19000 km at the magnetic equator, and less
at higher latitudes, we extrapolate the electron densities up
to 20200 km. The extrapolation is done by first mapping
the electron densities along the flux tube grid onto a fixed
latitude, longitude, and altitude grid. The grid spacing is 3°
in magnetic latitude, 4° in geographic longitude, and in
the vertical ranges from 5 km at low altitudes to 500 km at
high altitudes. The electron density at each grid point is

calculated based on a distance weighted average of the
electron densities at flux tube points that are within the grid
point domain (i.e., within ±1.5° latitude, ±2° longitude and
variable height depending on the altitude). For each latitude
and longitude the electron density is then extrapolated in
the vertical direction up to 20200 km based on a constant
scale height which is determined from the two highest grid
points that are within the L = 4 outer boundary of the flux
tubes. At higher latitudes, this can result in extrapolating
over large altitude regions. The present study is, however,
primarily focused on low latitudes where any errors associ-
ated with the height extrapolation of electron densities
should be minimal.

4. Results

[16] The longitudinal variations averaged between 1600
and 1800 local time (LT) of the TEC at altitudes above and
below 800 km that are observed by the COSMIC satellites
and simulated by the GIP-TIEGCM are presented in Figures 1
and 2 for September equinox and December solstice, respec-
tively. The results for 1600–1800 LT can be considered as
generally representative of the longitude variations during
the daytime and this fact will be shown in Figures 3 and 4.
As expected, around September equinox, the longitude var-
iations in the F region ionosphere (Figures 1a and 1c) exhibit
a primarily wave 4 structure which is attributed to forcing by
the DE3 tide. A similar wave 4 feature in longitude is also
apparent in both the observations and model results of the
topside ionosphere-plasmasphere as shown in Figures 1b
and 1d. In both of these altitude regions, the GIP-TIEGCM
is generally able to reproduce the COSMIC observations. In
the F region, the modeled longitude variations of the max-
ima in the EIA crest region match the regions of enhanced
density observed by the COSMIC. This correspondence is to
be expected since we have adjusted the amplitude and phase
of the DE3 forcing at the model lower boundary to obtain an
agreement with the observations. Although the longitude
variations are in good agreement, the GIP-TIEGCM results
show a more distinct EIA compared to the observations.
Depending on the geometry of the COSMIC-GPS raypath,
there can be a difference of several degrees in latitude and
longitude between the top and bottom of the COSMIC
electron density profiles and this has the potential to smooth
the EIA in the observations. The lack of distinct EIA in the
observations may also be related to the assumption of
spherical symmetry when determining the electron densities
using GPS radio occultation. This assumption can introduce
significant errors in the equatorial anomaly region [Yue
et al., 2010]. In the topside ionosphere-plasmasphere TEC,
although both the model and observations reveal a wave 4
structure in longitude, there is some discrepancy in the
location of the maxima. Both the model and observations
have maxima near 100° and 200° geographic longitude but
the locations of the other two maxima are slightly different.
It is also clear that while the model and observations reveal
similar longitude variations in the topside ionosphere-
plasmasphere, they differ considerably in absolute terms and
the observations tend to be 2–3 TECu (1 TECu = 1016 el/m2)
(∼20% at the maxima in longitude) larger. It is not known
why the model and observations differ by a few TECu in
absolute terms. However, in the present study we are
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interested in the relative longitudinal variations, which are
well reproduced by the model, and thus the slight difference
in absolute TEC is inconsequential.
[17] The model results without tidal forcing are shown in

Figures 1e and 1f and longitude variations are apparent.
Similar to Hagan et al. [2007], in the absence of non-
migrating tides, only small longitudinal variations occur
in the F region ionosphere. The situation in the topside
ionosphere-plasmasphere TEC is different and even with-
out tidal forcing significant longitude variations are pres-
ent (Figure 1f ). However, comparison of Figure 1c with
Figure 1e and Figure 1d with Figure 1f reveal that the
longitude variations without tidal forcing are significantly
different than those that occur in the presence of tidal
forcing. This clearly demonstrates that including non-
migrating tidal forcing in the model is important for repro-
ducing the observed longitude variations. The generation of
longitude variations in the absence of tidal forcing will be
discussed in detail later.
[18] The observations and model results for December

solstice (Figure 2) again reveal considerable longitude
variations in the F region ionosphere as well as the topside
ionosphere-plasmasphere. These variations are, however,
considerably different than those that occur around
September equinox due to the dominance of different non-
migrating tides during this time period [Forbes et al., 2008].
The observations exhibit notable maxima in the F region

between roughly 70°–120° and 300°–360°. This longitude
variation may be related to the tidal forcing being domi-
nated by DE2 and SW4 during Northern Hemisphere winter
[Forbes et al., 2008; Pedatella et al., 2008]. The model
results in the F region also exhibit enhancements around
60°–120° and 300°–360°; however, a maximum is also
observed around 200°–260° geographic longitude. The dif-
ference in the observed and modeled longitude variation
may be related to the climatological forcing that is used at
the model lower boundary which may not be fully repre-
sentative of the conditions during December 2008. The
difference could also be related to inaccurate vertical prop-
agation of the tides in the model during December solstice.
In the topside ionosphere-plasmasphere, both the model and
observations reveal a significant maximum in the TEC
beginning around 260° longitude and this feature extends
beyond 0° longitude. There are also smaller secondary
maxima near 120° and 200° longitude in the observation
results. While there is some indication of an enhancement
around 120° geographic longitude in the model simulation
with tidal forcing, the observed secondary maxima are
largely absent from the model results. We again note
that significant longitude variations exist in the absence of
tidal forcing as can be seen in Figures 2e and 2f. Contrary to
the September simulation results, the GIP-TIEGCM simu-
lations with and without tidal forcing for December solstice
reveal similar longitude variations in the topside ionosphere-

Figure 1. Geographic longitude and magnetic latitude variations of the TEC between 1600 and 1800 LT
around September equinox for (a) COSMIC observations below 800 km, (b) COSMIC observations above
800 km, (c) GIP-TIEGCM simulation below 800 km with tidal forcing, (d) GIP-TIEGCM simulation
above 800 km with tidal forcing, (e) GIP-TIEGCM simulation below 800 km without tidal forcing, and
(f ) GIP-TIEGCM simulation above 800 km without tidal forcing.
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plasmasphere TEC. This indicates that the primary longitude
variation present in the topside ionosphere-plasmasphere
TEC near December solstice is not the result of nonmigrat-
ing tides. We will discuss the formation mechanism of this
feature in detail later.
[19] The evolution of the longitude variations with local

time for September equinox and December solstice are pre-
sented in Figures 3 and 4, respectively. The results presented
in Figures 3 and 4 correspond to the average TEC between
10°N and 20°N magnetic latitude for the region below
800 km and between ±10° magnetic latitude for the topside
ionosphere-plasmasphere. These latitudes correspond to the
regions where the longitude variations are most pronounced.
During the daytime, Figures 3 and 4 reveal similar longitude
variations as shown in Figures 1 and 2. In December, it is
worth noting that both the observations (Figure 4a) and
model results (Figure 4c) of the F region show fairly similar
longitude variations during the daytime. However, there is a
slight shift in the local time of the longitude variations and
this may account for some of the disagreement between the
longitude variations shown in Figures 2a and 2c. There is a
clear difference in the local time behavior of the longitude
variations in the two altitude regions. In the F region, a
similar longitude structure tends to dominate at all local
times. For example, around September equinox both the
observations (Figure 3a) and GIP-TIEGCM simulation
(Figure 3c) reveal a primarily wave 4 feature at all local
times. Presuming that the DE3 is the only tide responsible
for generating the wave 4 feature in the F region, a phase
shift of 90°/24 h LT should occur. The dashed lines in

Figures 3a and 3c indicate this phase shift. Although there is
a phase shift in the observed and modeled wave 4 feature in
the F region, it is not exactly 90°/24 h LT. This indicates that
other nonmigrating tides may be contributing to the wave 4
variation as suggested by Oberheide et al. [2011]. The
slightly different phase shift may also be related to zonal
E × B drifts which may decrease the phase shift during the
day and increase the phase shift at night [Wan et al., 2008].
The fact that the longitude variation in the ionosphere at a
given local time represents the instantaneous tidal response
combined with the longitude variations from earlier local
times may also contribute to the different phase shift.
Unlike the F region, in the topside ionosphere-plasmasphere
significant differences are observed in the daytime and
nighttime longitude variations. This is particularly apparent
around September equinox where the wave 4 structure that
is present during the daytime is no longer apparent at night.
At night, there tends to be two regions of enhanced TEC
in the topside ionosphere-plasmasphere TEC. Although to
a lesser extent, different longitude variations can also be
observed in the daytime and nighttime topside ionosphere-
plasmasphere TEC during December solstice.
[20] The seasonal change of the longitude variations

observed by the COSMIC satellites in the F region and
topside ionosphere-plasmasphere TEC are presented in
Figures 5a and 5b, respectively. The results shown in
Figure 5 are the average TEC between 1200 and 1800 local
time for the same latitude ranges used in Figures 3 and 4.
Figure 5a reveals the emergence of a wave 4 variation
in longitude during Northern Hemisphere summer that

Figure 2. Same as Figure 1 except for December solstice conditions.
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extends into October (day of year 275–305). In Northern
Hemisphere winter three maxima (or minima) are apparent.
During this time period, minima can be observed near 60°,
170°, and 340° geographic longitude. The presence of
three maxima (or minima) in longitude during Northern
Hemisphere winter is consistent with prior observations in
the F region [Pedatella et al., 2008; Scherliess et al., 2008].
In the topside ionosphere-plasmasphere TEC (Figure 5b),
perhaps the most striking feature is the large seasonal
variation that occurs between 300° and 360° geographic
longitude. The topside ionosphere-plasmasphere TEC is
significantly enhanced in this region during Northern
Hemisphere winter and exhibits a large depletion during
Northern Hemisphere summer. A similar feature and sea-
sonal variation has previously been observed in the both the

topside ionosphere and plasmasphere. Clilverd et al. [1991]
presented observations and model results indicating that at
L = 2.5 a large seasonal variation exists near 300° geographic
longitude, but is absent at other longitudes. This same sea-
sonal variation near 300° geographic latitude has also been
observed at dusk in the ion density at 840 km [Huang et al.,
2010], and in topside ionosphere electron densities near
600 km [Kakinami et al., 2011]. Other longitude variations
are also present and, similar to the F region, a wave 4 varia-
tion is observed around both March (day of year 80) and
September (day of year 265) equinoxes.

5. Discussion

[21] Figures 1–5 clearly demonstrate the presence of
longitude variations in both the F region ionosphere and

Figure 3. The local time and longitude variation of the TEC around September equinox for (a) COSMIC
observations below 800 km, (b) COSMIC observations above 800 km, (c) GIP-TIEGCM simulation
below 800 km, and (d) GIP-TIEGCM simulation above 800 km. The results for the TEC below 800 km
are averages between 10 and 20°N magnetic latitude, and the TEC above 800 km are averaged between
±10° magnetic latitude. The dashed lines in Figures 3a and 3c indicate a phase shift of 90°/24 h LT which
is the expected phase speed of the DE3 in a fixed local time frame.

Figure 4. Same as Figure 3 except for December solstice conditions.
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topside ionosphere-plasmasphere TEC. There are also con-
siderable seasonal and local time variations as previously
mentioned. We now turn our attention to understanding the
causes of the observed and modeled longitude variations
in the topside ionosphere-plasmasphere as well as their
similarities and differences with those in the F region. By
far the most dominant feature in the topside ionosphere-
plasmasphere is the significant seasonal variation observed
in the TEC between 300° and 360° geographic longitude.
Furthermore, this feature is not apparent in the F region
indicating that the mechanism by which this feature is
generated is altitude dependent. As previously mentioned,
Huang et al. [2010] observed a similar feature and seasonal
variation in the topside ionosphere ion densities at dusk near
840 km and they attributed this feature to the large decli-
nation of the geomagnetic field in this longitude sector. The
combination of the geomagnetic field declination along with
the seasonal variation in the neutral winds is thought to
either enhance or reduce the field-aligned component of the
neutral wind. This results in the large topside ionosphere ion
densities (or TEC) during Northern Hemisphere winter and
a depletion during Northern Hemisphere summer [Huang
et al., 2010]. The field-aligned wind component can signif-
icantly influence densities in the topside ionosphere [e.g.,
Watanabe and Oyama, 1996; Kil et al., 2006] and this effect
is therefore most pronounced in the topside ionosphere-
plasmasphere in spite of its absence in the F region. Hartman
and Heelis [2007] observed a similar longitude and seasonal
variation in the topside ionosphere vertical E × B drifts at
dawn. They attributed the longitudinal variations observed

near the solstices to be due to the relative orientation of the
terminator and magnetic meridian in regions of large dec-
lination. While this may explain the longitude variations at
dawn, in regions of large declination, Figure 4 demon-
strates that the enhancement in the topside ionosphere-
plasmasphere TEC is observed at all local times. The fact
that this feature is present at all local times tends to support
the hypothesis that it is generated by enhanced field-aligned
winds associated with the orientation of the geomagnetic
field.
[22] To understand how the geomagnetic field orientation

can introduce the significant seasonal variation around
300°–360° longitude, we have also performed a GIP-
TIEGCM simulation without tidal forcing for June solstice.
The topside ionosphere-plasmasphere TEC from the GIP-
TIEGCM simulations without tidal forcing for June and
December solstice near the magnetic equator are shown as a
function of local time and longitude in Figures 6a and 6b,
respectively. Similar to the observations, the topside iono-
sphere plasmasphere TEC near 300° longitude is enhanced
during December solstice and decreased during June
solstice, and this is true for all local times. The model
results for June solstice also reveal an enhancement around
180° longitude. Although not as strong as in the GIP-
TIEGCM simulation, a similar enhancement is observed
in the COSMIC topside ionosphere-plasmasphere TEC
(Figure 5b). Variations at longitudes near 300° have previ-
ously been attributed to the influence of neutral winds
[Watanabe and Oyama, 1996; Ren et al., 2008; Huang
et al., 2010]. To investigate the role of neutral winds in

Figure 5. The seasonal variation of the longitude structures observed by COSMIC (a) below 800 km and
(b) above 800 km. The TEC is averaged between 1200 and 1800 local time and 10 and 20°N magnetic
latitude for the observations below 800 km and ±10° for above 800 km.
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establishing this longitudinal variability, Figures 6c and 6d
show the north-south daily average vertical component
of the field-aligned wind driven flux at 500 km. This is
given by

Ujj;sNe;ssin Isð Þ
Br;s

− Ujj;nNe;nsin Inð Þ
Br;n

! "

2
Br;s − Br;n
# $

2
ð1Þ

where Uk is the field-aligned neutral wind, Ne is the
electron density, I is the inclination angle, and Br repre-
sents the radial component of the geomagnetic field. The
subscripts n and s in equation (1) indicate values at 500 km
in the Northern and Southern Hemispheres, respectively.
Note that in equation (1), the UkNesin(I ) term represents the
vertical plasma drift due to neutral wind. Since the filling of
a plasma flux tube depends on the flux tube area, which is
inversely proportional to the magnetic field strength, this
term is divided by the radial magnetic field strength. Further
note that we weight the north-south average by the radial

magnetic field strength, and this results in inclusion of the
final term in equation (1). We calculate the vertical com-
ponent of the field-aligned wind driven flux based on
equation (1) for each flux tube so that the values at 500 km
in the Northern and Southern Hemispheres are magnetically
conjugate points. We thus present results in Figures 6c
and 6d in terms of magnetic longitude; however, for ease
of comparison with our prior results, we have shifted the
magnetic longitude so that the shifted magnetic longitude
corresponds roughly to geographic longitude. Note that the
results in Figures 6c and 6d are for an altitude of 500 km
since we presume that the neutral wind driven plasma that
generates the longitude variations in the TEC at the mag-
netic equator above 800 km originates at lower altitudes in
the low- to middle-latitude region. Further, we present the
daily average flux since, presuming that the longitude
variations in the topside ionosphere-plasmasphere TEC are
driven primarily by neutral wind effects, longitudes with a
larger daily average vertical wind driven flux are expected

Figure 6. GIP-TIEGCM simulation without tidal forcing. (a) Local time and longitude variation of TEC
above 800 km averaged between ±10° magnetic latitude for June solstice. (b) Same as Figure 6a except for
December solstice. (c) North-south average of the daily average vertical wind driven flux at 500 km for
June solstice. (d) Same as Figure 6c except for December solstice. (e) Daily average E × B flux at
800 km at the magnetic equator for June solstice. (f ) Same as Figure 6e except for December solstice.
The units of the E × B flux are 1010elm−2 s−1. Note that Figures 6a, 6b, 6e, and 6f are in are in geographic
longitude, while Figures 6c and 6d are in magnetic longitude shifted by 69°. The reason for using mag-
netic longitude in Figures 6c and 6d is explained in the text.
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be related to enhancements in the topside ionosphere-
plasmasphere TEC. Comparison of the daily average vertical
component of the field-aligned flux with the topside
ionosphere-plasmasphere TEC reveals that the longitudes of
enhanced TEC correspond to greater vertical fluxes at low
to middle latitudes. The regions of enhanced TEC could
also be related to the vertical E × B flux. The daily average
vertical E × B fluxes at 800 km at the magnetic equator for
June and December solstices are shown in Figures 6e
and 6f. The vertical E × B flux is given by NeVExB,vert

where VExB,vert is the vertical component of the ExB
B2 velocity.

Note that the E × B fluxes are for 800 km (opposed to
500 km for the wind driven flux) since we are interested in
the vertical flux at this altitude for comparison with the
topside ionosphere-plasmasphere TEC. There does not
appear to be a strong connection between the longitude
variations in vertical E × B flux and the topside ionosphere-
plasmasphere TEC. In fact, near 300° geographic longitude,
the daily average vertical E × B flux tends to be anti-
correlated with the topside ionosphere-plasmasphere TEC.
This indicates that the significant longitude variations that
occur near solstice in the topside ionosphere-plasmasphere
TEC are the result of field-aligned winds which can either
enhance or suppress the vertical transport. The variations in
the field-aligned winds are a combination of two effects.
First, in regions of large magnetic declination, the zonal
winds produce a significant field-aligned component. The
meridional winds also contribute due to the offset between
the geographic and geomagnetic equators. The fluxes in
Figures 6c and 6d represent a combination of the meridional
and zonal wind effects. The fluxes may also be influenced
by hemispheric asymmetry of the electron density.
[23] The effect of the geomagnetic field alone appears to

generally have a greater influence on producing longitude
variations in the topside ionosphere-plasmasphere than in
the F region. Nonetheless, the geomagnetic field does
introduce some longitude variability in the F region as can
be observed in Figures 1e and 2e. The GIP-TIEGCM
simulations reveal a considerable seasonal variation of the
relative importance of nonmigrating tides and the geomag-
netic field for producing the longitude variations. Compari-
son of Figures 1c and 1e demonstrate that, for September
equinox, the inclusion of nonmigrating tides drastically
changes the longitude variations at 1600–1800 LT in the
F region ionosphere. The situation in December (Figure 2)
is rather different, and there is some degree of similarity
between the GIP-TIEGCM simulations with and without
tidal forcing. For example, the simulations both with and
without tidal forcing reveal enhancements in the F region
TEC near ∼100°, ∼230°, and ∼350° longitude. These results
indicate that during time periods around September equinox,
when the amplitude of DE3 is large, the ionospheric
longitude variations are dominated by the nonmigrating tides
while during Northern Hemisphere winter the role of non-
migrating tides may be of lesser (although not insignificant)
importance. That is, during Northern Hemisphere winter,
nonmigrating tides and the geomagnetic field orientation
may be of roughly equal importance whereas around
September equinox the role of nonmigrating tides appears
to be of significantly more importance than the geomagnetic
field.

[24] While the geomagnetic field clearly plays a signifi-
cant role in producing longitude variations in the topside
ionosphere-plasmasphere, both the COSMIC observations
and GIP-TIEGCM simulations reveal the presence of addi-
tional features which are not explained by the geomagnetic
field alone. This fact is especially apparent around Septem-
ber equinox when a notable wave 4 feature is observed in the
topside ionosphere-plasmasphere TEC (Figures 1 and 3). As
seen in Figure 1f, the geomagnetic field alone may introduce
a wave 2 structure in longitude but both the observations
(Figure 1b) and GIP-TIEGCM simulations with complete
tidal forcing (Figure 1d) indicate a wave 4 structure in
longitude. Similar to the numerous prior studies on longi-
tude variations in the F region [e.g., Immel et al., 2006; Lin
et al., 2007; Wan et al., 2008] we consider this longitude
structure in the topside ionosphere-plasmasphere TEC to be
a signature of nonmigrating tidal influences. We consider
several mechanisms which may produce the longitude var-
iations in the topside ionosphere-plasmasphere TEC. First,
observations reveal wave 4 longitude variations in the ver-
tical E × B drifts at 840 km altitude [Hartman and Heelis,
2007; Huang et al., 2010]. The longitude variations in the
topside ionosphere vertical drifts can introduce similar varia-
tions in the topside ionosphere-plasmasphere TEC through
vertical transport. Alternatively, nonmigrating tides may
introduce longitudinal variability into the topside ionosphere-
plasmasphere through tidally driven temperature variations
which may modulate the topside ionospheric scale height.
Evidence now exists that nonmigrating tides can penetrate
into the thermosphere and influence thermospheric neutral
densities and winds, as well as exospheric temperatures
[Forbes et al., 2009; Talaat and Lieberman, 2010]. In par-
ticular, the DE3 has been shown to directly penetrate into the
thermosphere and exosphere [Forbes et al., 2009; Oberheide
et al., 2009, 2011]. The direct penetration of DE3 to alti-
tudes in excess of 800 km may play a critical role for
introducing longitude variations in the topside ionosphere-
plasmasphere TEC. Tidal variations in the topside ionosphere
plasma temperature will introduce longitude variations in
the topside ionospheric scale height, and thus influence the
vertical distribution of plasma in the topside ionosphere-
plasmasphere. We note that although previous studies
[Forbes et al., 2009; Talaat and Lieberman, 2010] have
presented observational evidence for the penetration of DE3
into the thermosphere and exosphere, these studies have
focused on neutral temperature variations, as opposed to
plasma temperatures which are relevant for controlling the
topside ionosphere scale height. However, associated with
the neutral temperature variations are similar variations in
density and neutral winds [e.g., Oberheide et al., 2011].
These may influence the temperature and density in the
topside ionosphere, and, in turn the topside ionosphere scale
height [Luan et al., 2006]. Furthermore, in the equatorial
region, observations have revealed the presence of longitude
variations in the topside ionosphere scale height [Liu et al.,
2008, 2011]. As discussed by Liu et al. [2011] these are
considered to be connected to nonmigrating tides, and may
be driven by either variations in temperatures or vertical
E × B drifts.
[25] To investigate the cause of the longitude varia-

tions in the topside ionosphere-plasmasphere TEC during
September equinox, Figures 7a and 7b present the local
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time and longitude variations of the plasma temperature and
vertical E × B drift velocity, respectively. The results shown
in Figure 7 are for the GIP-TIEGCM simulation for
September equinox with tidal forcing, and are for an altitude
of 800 km above the geomagnetic equator. Clear wave 4
longitude variations are apparent in both the plasma tem-
peratures and E × B drift velocities. In the afternoon, when
the wave 4 longitude variation in the topside ionosphere-
plasmasphere is most prevalent, the regions of enhanced
plasma temperatures appear to correspond to regions of
enhanced TEC. Thus, the enhancements in TEC may be
driven in part by temperature driven changes in topside
ionosphere scale height. However, there are also clear wave
4 variations in the daytime vertical E × B drifts which may
also contribute to the longitude variations in the topside
ionosphere-plasmasphere TEC. The vertical drifts can
introduce longitude variations in the topside ionosphere-
plasmasphere TEC through both vertical transport and by
influencing the scale height. The longitude variations in
vertical scale height observed by Liu et al. [2011] may thus
be due to a combination of temperature and vertical drift

variations. Based on the above, we consider the topside
ionosphere-plasmasphere TEC longitude variations to be
driven by a combination of scale height variations and
variations in vertical transport due to E × B vertical drifts.
Unfortunately, it is difficult to separate the relative contri-
bution of these two effects; however, our results suggest
that both may contribute to a portion of the longitude
variability.
[26] Nonmigrating tides may also influence the topside

ionosphere-plasmasphere due to modulation of F region
densities in combination with the diurnal exchange of
plasma between the ionosphere and plasmasphere. In
general, the flow between the ionosphere and plasmasphere
is upward (flowing from the ionosphere to the plasma-
sphere) during the daytime and downward (flowing from
the plasmasphere to the ionosphere) at night [Schunk
and Nagy, 2000]. During the daytime, the vertical flow
of plasma in longitude sectors of enhanced density in
the F region may result in larger topside ionosphere-
plasmasphere densities at these longitudes as well. The
significant difference in the longitude variations in the
topside ionosphere-plasmasphere during the daytime and
nighttime supports the fact that these variations may, in
part, originate in the F region. If the longitude variations in
the topside ionosphere-plasmasphere partly result from the
vertical flow of plasma from the F region then it is logical
that they would disappear at night when plasma flows
downward from the plasmasphere into the ionosphere. In
fact, this downward flow could potentially serve to maintain
the longitude variations in the nighttime F region.
[27] We consider all of the aforementioned mechanisms

for nonmigrating tides generating longitude variations in the
topside ionosphere-plasmasphere TEC to be plausible. The
most likely scenario is that the longitude variations that are
present in the topside ionosphere-plasmasphere TEC are due
to a combination of E × B drifts, scale height variations, and
vertical flow from the F region. It is difficult to specify the
relative importance of each of these mechanisms. As men-
tioned previously, the geomagnetic field orientation also
generates longitude variations. The actual longitude varia-
tions that are present will represent the effects due to non-
migrating tides combined with those due to the geomagnetic
field.

6. Conclusions

[28] In the present study we have presented observations
and model results of the seasonal and local time variability
of longitude structures in the ionospheric TEC above and
below 800 km altitude. This has revealed some of the simi-
larities and differences of the longitude variations present in
these two altitude regions. The COSMIC observations and
GIP-TIEGCM simulations reveal the expected seasonal,
local time, and latitude behavior of the longitude structures
in the F region ionosphere. The results presented do, how-
ever, provide new insight into the longitude variations
present in the topside ionosphere-plasmasphere. The most
dominant feature in the topside ionosphere-plasmasphere
TEC is a pronounced longitude and seasonal variation
observed near 300°–360° geographic longitude. At all local
times, this longitude region exhibits a distinct minimum
during Northern Hemisphere summer while a maximum is

Figure 7. (a) Local time and longitude variation of the
plasma temperature at the geomagnetic equator at 800 km.
(b) Local time and longitude variation of the vertical E × B
drift velocity at the geomagnetic equator at 800 km. The
results are for the September equinox GIP-TIEGCM simula-
tion with tidal forcing.
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present during Northern Hemisphere winter. Results from a
new coupled model indicate that this feature is not related to
nonmigrating tides and it is thought to be due to the seasonal
variation of the neutral winds generated in the thermosphere
in combination with the geomagnetic field orientation.
[29] Both the COSMIC observations and GIP-TIEGCM

results also reveal longitude variability in the topside
ionosphere-plasmasphere TEC related to nonmigrating tides.
This is most apparent in the distinct wave 4 variation in
longitude that is present around September equinox in the
daytime topside ionosphere-plasmasphere TEC. The GIP-
TIEGCM simulations are able to reproduce this feature when
nonmigrating tides are included at the lower boundary and
thus indicate that the source of the longitude variations in the
topside ionosphere-plasmasphere is nonmigrating tides. We
attribute the existence of nonmigrating tidal variations at
altitudes in excess of 800 km to several potential mech-
anisms. First, these may be connected to variations in the
topside ionosphere scale height. The scale height variations
are considered to be driven by some combination of vertical
E × B drifts and variations in the plasma temperature. The
longitude variations in the vertical E × B drift velocity may
also drive the longitude variations in the topside ionosphere-
plasmasphere TEC through influencing the vertical transport.
Last, the nonmigrating tidal perturbations in the topside
ionosphere-plasmasphere may be related to the upward flow
of plasma from regions of enhanced density in the F region
during the daytime. This second mechanism may explain
the similarity between the F region and topside ionosphere-
plasmasphere longitude structures during the daytime and
the notable difference in the longitude variations at night
when the direction of plasma flow is reversed. Ultimately
the longitude variations present in the topside ionosphere-
plasmasphere TEC are likely a mixture of effects due to
nonmigrating tides as well as those due to the neutral winds
in combination with the geomagnetic field orientation.
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