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Abstract We ran the IRAP Plasmasphere Ionosphere Model (IPIM) for several flux tubes at different
distances from Earth for very quiet conditions, in order to model the convection and corotation transport
of closed flux tubes in the plasmasphere for tilted/eccentric dipolar magnetic field configuration and for
solstice and equinox conditions. For each simulation, the model was run for 30 days in order to study the
long-term evolution of the plasmasphere-ionosphere system. The goal is to study the combined effect of
corotation and convection, which causes eventually a lag of the flux tube motion with respect to the Earth.
This combination of nonuniform rotation and subcorotation in average becomes important especially in
the outer plasmasphere and causes nonuniform drift of the dipole tilt projection in the plane of the flux
tube with time, changing drastically the plasma distribution along this flux tube. In the classical
representation of the plasmasphere, the ionosphere only depends on angular Magnetic Local Time (MLT)
sector. We show that due to the tilt effect, solar illumination along the flux tube and field-aligned transport
varies from one day to the other and causes also a day-to-day variation in the plasma distribution along
the tube. This effect implies that a stable representation of the plasmasphere in MLT during quiet
conditions is an erroneous view, and no real dynamic equilibrium can be reached, in particular close to the
stagnation point.

1. Introduction
It is well-known that the plasmasphere region is shaped by the competition between corotation near Earth
and magnetospheric convection at further distance giving its well-known tear drop pattern (Brice, 1967;
Nishida, 1966). However, this static vision is clearly oversimplified, and the need to take into account large
scale variations of the magnetospheric convection is essential. Thus, convection intensifications will mainly
cause plasmasphere erosion by the depletion of flux tubes, on initially closed streamlines around the Earth,
which are then suddenly located on opened sunward convective streamlines. When convection reduces,
depleted flux tubes will eventually be enclosed inside the corotation dominated region, allowing them to
be refilled by plasma diffusion originating from the ionosphere. While this chain of processes is relatively
well understood qualitatively, large unknowns remain especially about the refilling temporal scale for the
flux tubes, which is slower than expected in physical simulations and for which bad constraint of thermal
conductivity, electron heating by suprathermal electrons and the role of the neutral atmosphere density and
the properties of the exobase have been explored (e.g. Comfort et al., 1995; Denton et al., 2014; Horwitz
et al., 1990; Liemohn et al., 1997; Reynolds et al., 2003; Tu et al., 2003). Finally, other properties still need
to be better understood such as the possibility of a two-stage process depending on the plasma concentra-
tion already present inside the tube with faster refilling in the later stage (Lawrence et al., 1999; Su et al.,
2001; Thomsen et al., 1998) and the capacity for the flux tube to reach concentration saturation (Reynolds
et al., 2003).

Moreover, results from the IMAGE spacecraft, the Cluster and the Van Allen missions have shown that
the plasmasphere region is even more complex than expected about 20 years ago. For example, the imager
experiments onboard IMAGE have provided instantaneous 2-D views of the complete plasmasphere, show-
ing a complex shape with some indentation (e.g., void and notch) or extension (e.g., shoulder and plume)
highlighting the complex dynamics of this region even during quiet periods (Sandel et al., 2001, 2003). In
parallel, azimuthal and radial lags of the plasmasphere corotation have also been detected near Earth in the
equatorial plane, below 3 Earth's Radii (RE) (e.g. Burch et al., 2004; Galvan et al., 2010; Sandel et al., 2003),
which was rather unexpected at the time. The ionospheric dynamo disturbance through modulation of ther-
mospheric winds has been suggested to explain the azimuthal lag (Burch et al., 2004), but as this lag has
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been recently observed at all latitudes and longitudes, global subcorotation of the thermosphere is suspected
(Lejosne & Mozer, 2017). Increase of magnetic activity on the nightside responsible for subauroral electric
drift perturbations could also explain part of the corotation lag observations (Lejosne & Mozer, 2018).

Finally, a few statistical studies have tried to unveil possible longitudinal and seasonal variations of the plas-
masphere electron density content using whistler observations below 3 RE. Unexpected annual variations
of the plasmaspheric equatorial electron density have early been reported (e.g., Clilverd et al., 1991) show-
ing systematically higher electron density during December solstice than during June solstice over America
despite one plasmaspheric field line footprint always being in the summer hemisphere. Extensions of this
study have shown no such variation over Europe and reversed variation over Asia, which confirmed the
role of the Earth's magnetic dipole tilt in this effect (Clilverd et al., 2007; Richards et al., 2000). Indeed, the
asymmetric electron content of the plasmasphere between solstices can be explained by the offset between
geographic and geomagnetic latitudes; the solstice plasmasphere density being lower for field lines with
summer footprint close to the geographic equator, spending more time in darkness. Such effects disappear
beyond 4.5 RE, where flux tubes are no longer expected to be in diffusive equilibrium (Menk et al., 2012).
These annual variations do not seem to be caused by the thermospheric winds but more likely by asymmetric
heating of the plasmasphere by photoelectrons (Richards et al., 2000).

While it is possible from observations to unveil the annual and longitudinal variations of the plasmasphere
caused by Earth's dipole tilt, it is more difficult to look at local time variations with respect to this dipole tilt
and how they possibly evolve with season. Plasmasphere-ionosphere simulations can partly overcome this
problem, in following flux tubes during the course of their rotation around the Earth.

The main purpose of this paper is thus to present such a study where flux tubes are modeled with the IRAP
Plasmasphere Ionosphere Model (IPIM) (Marchaudon & Blelly, 2015) at different distances from the Earth.
The simulations are run over long time periods (about 30 days), under steady electrodynamic conditions. The
electric field results from cross-potential in the 3-15 MLT direction, which is combined with the corotation
and causes the tear drop shape visible in Figure 1 (redrawn from Marchaudon & Blelly, 2015), which is
described in the following section. The goal is to study the importance of the geomagnetic dipole tilt angle
on the plasmasphere-ionosphere properties. After briefly describing the IPIM model, we will present the
characteristics of the run conditions, the implied effects on flux tube dynamics, and then the results of the
simulation for the inner, intermediate, and outer parts of the plasmasphere. We will finally discuss the results
and present a conclusion.

2. Model
IPIM is a new model of the ionosphere, first presented in Marchaudon and Blelly (2015). A run on request of
planet-independent version of the IPIM model has recently been made available online through the Trans-
planet website https://transplanet.irap.omp.eu/ hosted by the Plasma Physics Data Centre (CDPP) (Blelly
et al., 2019). This model is based on the same philosophy as the high-altitude TRANSCAR model (Blelly
et al., 2005). The main differences come from the order moment used to solve the fluid transport equations
as well as the magnetic geometry used in the model. TRANSCAR was dedicated to high-altitude studies and
used a 13-moment approximation and straight open field lines, while IPIM was initially developed to study
inner magnetosphere dynamics, through closed magnetic field lines with dipolar tilted eccentric field lines,
but has been recently extended at high-latitudes (Marchaudon et al., 2018). A 16-moment approach has also
been implemented in IPIM to allow development of strong temperature anisotropy at high altitude and to
accurately model the transition between collision dominated and collisionless media. The main feature of
the IPIM model is then the strong variability occurring along a magnetic field line of the solar illumination
and of the main forces (gravity and inertia) allowing large diurnal and seasonal variability.

Three main modules form IPIM: a fluid model for six main ions (O+, H+, N+, NO+, O+
2 , N+

2 ) and ther-
mal electrons; a kinetic model for suprathermal electrons; and a chemical module to take into account
all the chemical reactions involving the main charged species formed in the ionosphere. The main char-
acteristic of the IPIM model lies in the coupling between the fluid and kinetic models. The fluid model
solves the 16-moment order of the transport equations for the three atomic ions and the thermal electrons
whose dynamics will be especially important above the ionospheric F peak region. For the three molec-
ular ions, density is solved independently, while same velocity, temperature, and heat flux are assumed
for these heavier species confined at relatively low altitudes and dominated by chemical processes. Finally
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Figure 1. Convection and corotation potential contours in the equatorial plane with a stagnation point at Lmax = 6 RE
and 15 MLT. The equipotential contours followed by the three flux tubes at Lmax = 2, 4, 6 RE are represented by black
solid lines.

in the near future, we plan to add He+, whose dynamics can be important especially in the transition
region between ionosphere and plasmasphere (1,000–10,000 km). With 16-moment approximation, paral-
lel and perpendicular energies (temperature) have their own heat flux. This full separation between parallel
and perpendicular is essential for stability as demonstrated by Blelly and Schunk (1993) for electrons. The
kinetic model solves the steady state Boltzmann transport equation of the suprathermal electrons along the
magnetic field line, taking into account sources (photoionization from primary as well as secondary elec-
trons and precipitation) and losses through collisions with atmosphere and thermal electrons. De facto, this
model intrinsically accounts for interhemispheric transport of suprathermals and thus allows for produc-
tion and heating by electrons coming from the opposite hemisphere. Such processes may be responsible
for production associated with sunrise in the opposite hemisphere and are important in the frame of iono-
sphere/plasmasphere dynamics, but we do not address such effects in this study. The two models are
intrinsically linked since the fluid model needs the ionization rates and heating of thermal electrons from
the suprathermal electrons given by the kinetic model, and the fluid model gives in return the density and
temperature of thermal electrons to the kinetic model.

IPIM uses several inputs, such as the solar flux reconstructed through the Flare Irradiance Spectral Model
(FISM, Chamberlin et al., 2007) and the neutral atmosphere parameters (density, temperature) coming
from NRLMSISE-00 (Hedin, 1987, 1991; Picone et al., 2002) and horizontal neutral wind from HWM14
model (Drob et al., 2008; Drob et al., 2015; Emmert et al., 2008). Finally, realistic electrodynamics inputs
can also be used (convection, precipitation, and field-aligned currents), which are of great use for modeling
high-latitudes processes (Marchaudon et al., 2018) but are less important for modeling quiet midlatitudes
conditions. Plasma transport equations are solved along magnetic field lines in the IPIM model, implying
an Eulerian 1-D description. But the field lines can also be transported in the transverse direction through
corotation and convection, implying a Lagrangian 2-D description. This transverse motion may in partic-
ular modify the distance of the field line apex with respect to the Earth's center, implying contraction or
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expansion of each element of volume along the field line. This volume variation is taken into account as a
specific divergence term in the equations solving intensive quantities such as density. A complete descrip-
tion of the methodology can be found in Marchaudon and Blelly (2015) (see in particular sections 2.1.2 and
2.1.4, figure 1 and the divergence term being described in equation 20).

The competition between corotation and convection modifies the path of external closed flux tubes whose
distance from Earth's center will change during a full rotation around the Earth and will imply a variation
of the flux tube volume with respect to time. In the present study, a simple analytical model for corotation
and convection is used (see next section). In the following, a specific flux tube will be referred by its L-shell
position (McIllwain parameter) at 15 MLT in the stagnation region and will be called Lmax, corresponding
to the highest L-shell value in RE units that the tube will reach during its motion.

3. Run Conditions
The simulation runs presented in this paper consist of two different sets of plasmaspheric simulations lasting
30 days each, one ending at the equinox day and one ending at the solstice day (spring and summer in
northern hemisphere, respectively). For each simulation run, several closed flux tubes spanning from 1.2
to 6 RE have been investigated. The combined corotation-convection model used in these simulations is a
simple static analytical model (Schulz, 2007), whose parametrization allows choice of the location in the
equatorial plane of the stagnation point, where corotation and convection are exactly balanced and for which
the plasmaspheric streamlines pattern is kept unchanged. In this set of runs, we choose a stagnation point
very far from Earth at 6.01 RE and 15 MLT and mimicking very quiet conditions. The equatorial potential
pattern is presented in Figure 1. Such a choice for a constant and quiet potential pattern is mainly motivated
by the need to eliminate all sources of variability except those caused by the variation of the dipole tilt
angle. For the same reason, the IPIM solar and magnetic activity inputs have been chosen constant over
30 days and for relatively moderate conditions (global magnetic index ap = 4 and solar radio 10.7 cm flux
F10.7 = 150 sfu).

In Figure 1, the paths followed by three different flux tubes (black solid curves) have been superimposed on
the potential map. These three tubes have their Lmax at 2, 4, and 6 RE, respectively. The closest tube from
Earth (Lmax = 2 RE) is characterized by an almost circular motion almost fully dominated by corotation. For
the tube with Lmax at 4 RE, convection starts to have a perceptible effect, and the trajectory displays a slightly
elliptical pattern. Finally, the tube furthest from Earth (Lmax = 6 RE) almost attains the stagnation point and
thus remains a very long time in this region, resulting in the very angular shape of the trajectory around 15
MLT. This flux tube undergoes a strong expansion before the stagnation point and a strong contraction after.
The combined corotation-convection effects on magnetic flux tube dynamics and on the electron density
distribution along the different flux tubes are presented in the next sections.

4. Combination of Motion
The motion of a flux tube around the Earth is a combination of corotation and convection. As discussed
in Marchaudon and Blelly (2015), the tube moves faster than corotation in the 21-09 MLT sector because
convection and corotation act the same way, while the tube is slower than corotation in the 09-21 MLT sector,
because both circulations are opposite. The differential motion is maximum in the stagnation region around
15 MLT and can force a flux tube with an apex reaching Lmax = 6 RE to remain more than one day in this
sector. This is the reason for the stretching of the equipotential lines in the 15 MLT sector, which is visible
in Figure 1 for tubes with an apex at 15 MLT above Lmax = 3.5 RE. However, the effect is not symmetrical,
and there is an overall drift of the tube, which makes the tube move slower than corotation. As a matter of
fact, in our convection model, a tube corresponding to Lmax = 2 RE is slower by 0.15% than corotation, while
a tube with Lmax = 4 RE is slower by 6.4% and a tube with Lmax = 6 RE by 58%.

This drift can be highlighted by looking at the variation of the dipole tilt angle projection for a specific tube.
The top panel of Figure 2 shows on the colored curve, the temporal variation over 30 days of the tilt angle
between the magnetic equatorial plane and the geographic equatorial plane for a flux tube corresponding
to Lmax = 4 RE. The superimposed colors correspond to the value of the solar zenith angle 𝜒 at the apex of
the tube over time (see the colorbar for the scale). We clearly see the diurnal variations of 𝜒 and of the tilt
angle due to the nonuniform rotation of the tube around the Earth. The black curve is the daily evolution
of the tilt angle for this flux tube when its apex is located at noon local time. We see that we have filtered

MARCHAUDON AND BLELLY 4 of 14



Journal of Geophysical Research: Space Physics 10.1029/2019JA027672

Figure 2. Temporal evolution of the tilt between the magnetic equatorial plane (plane colored in blue in sketches (a),
(b), (c), and (d)) and the geographic equatorial plane (plane colored in red in sketches (a), (b), (c), and (d)). The colored
curve in the top panel shows the value of the solar zenith angle 𝜒 at the apex of the flux tube with Lmax = 4 RE (the
colorbar gives the scale). The black curve corresponds to the tilt of the tube when its apex is at noon local. The red
curve corresponds to the difference angle per day between the motion of this flux tube and the rotating planet. Position
(a) corresponds to a tilt of 0◦, while the tube is moving faster than the rotating planet, (b) corresponds to the maximum
of tilt angle, (c) corresponds to a position with a 0◦ tilt angle, while the tube is moving slower than the rotating planet,
and (d) corresponds to the minimum tilt angle.

out the diurnal variation and that a long term evolution remains, which corresponds to the drift mentioned
before. Due to the diurnal drift of about 6%, more than 15 days are required (15 ≃ 1

0.064
) to re-phase the

flux tube, meaning coming back to the exact same position with respect to the Earth's surface below. The
red curve shows the drift angle's daily rate for the tube with apex at noon local time. This curve shows that
when this drift angle velocity is maximum, the variation of the dipole tilt angle projection (diurnal variation
of the curve and of its colors) is also maximum. On the bottom row of this figure, the flux tube position is
also displayed at different instants labeled (a), (b), (c), and (d) on the top panel, which shows the respective
tilt angle between the geomagnetic and the geographic equatorial planes (red and blue respectively) with
respect to this flux tube position. Instants (a) and (c) correspond to a 0◦ tilt between the two planes while
instants (b) and (d) correspond to a maximum tilt (≈ 11.5◦) between the two planes. We now describe in
detail the motion of the flux tubes depending on their Lmax value and the effect it causes on the electron
density distribution along the flux tube.

Figure 3. Time/altitude color plot of thermal electron density (bottom panel) along closed field line for Lmax = 2 RE . A
period of one month before North spring equinox spanning February and March is displayed as a function of the day of
the month. The two hemispheres are specified by labels “South” and “North.” In the top panel, tilt angle projection is
plotted in blue together with the L-shell extension in red, for the same period of time.
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Figure 4. Time/altitude color plot of thermal electron density (bottom panel) along closed field line for Lmax = 4 RE . A
period of one month before North spring equinox spanning February and March is displayed as a function of the day of
the month. The two hemispheres are specified by labels “South” and “North.” In the top panel, tilt angle projection is
plotted in blue together with the L-shell extension in red, for the same period of time.

5. Results
We have looked through the complete 30 days of simulation for the flux tubes with Lmax at 2, 4, and 6 RE at
equinox and with Lmax at 4 RE at solstice (Figures 3 to 6). For each tube at equinox, the results are presented
in the same figure format. The top panel shows the variation of the L-shell along the tube path (red line)
against Universal Time (UT) for the 30 days of simulation, together with the variation of the dipole tilt
angle projection in the flux tube plane with respect to the geographic equatorial plane (blue line), hereafter
denoted dipole tilt projection. The bottom panel shows a color-panel plot of the thermal electron density
along the complete flux tube for the 30 days simulation displayed with respect to UT (x-axis) and altitude
along the flux tube (y-axis in logarithmic scale). Density is also displayed with a logarithmic scale in order
to emphasize the dynamics at all altitudes. For the tube at solstice, we have also added a color-panel plot
showing the [NH+ ]/[Ne− ] ratio (middle panel).

Figure 5. Time/altitude color plots of thermal electron density (bottom panel) and [NH+ ]/[Ne− ] (middle panel) along
closed field line for Lmax = 4 RE . A period of one month before North summer solstice spanning May and June is
displayed as a function of the day of the month. The two hemispheres are specified by labels “South” and “North.” The
white solid curve in the bottom panel indicates H+/O+ upper transition height (denoted z50) in each hemisphere. In the
top panel, tilt angle projection is plotted in blue together with the L-shell extension in red, for the same period of time.
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Figure 6. Time/altitude color plot of thermal electron density (bottom panel) along closed field line for Lmax = 6 RE . A
period of one month before North spring equinox spanning February and March is displayed as a function of the day of
the month. The two hemispheres are specified by labels “South” and “North.” In the top panel, tilt angle projection is
plotted in blue together with the L-shell extension in red, for the same period of time.

5.1. Inner Plasmasphere

For the tube at Lmax = 2 RE at equinox, the results are displayed in Figure 3. Looking at the dipole tilt
projection (blue line, top panel), two different motions are observed: a diurnal oscillation of about 2◦ in
amplitude and a global drift toward more negative angles over the 30 days, from –2◦ to –5◦ in average. These
two motions come from the competition between convection and corotation. While minor so close to Earth,
the convection effect causes a variation of the distance of the flux tube in the equatorial plane, as seen in the
small evolution of the equatorial L distance of the flux tube (red line, top panel) and drives a nonuniform
rotation speed of the flux tube around the Earth. The diurnal oscillation is due to the slower speed of the
tube before the stagnation region and its faster speed after the stagnation region with respect to the Earth's
rotation speed. This rotation speed variability implies that the dipole tilt projection oscillates slightly in the
course of a UT day. The convection effect also causes a slower average rotation speed of the flux tube with
respect to the Earth's rotation speed. This difference in average rotation speed implies that the tube will take
slightly longer than 24 UT hours to complete a full turn around the Earth and causes a drift of the dipole
axis with respect to the flux tube plane leading to a slow decrease of the dipole tilt projection.

The oscillation of the dipole tilt projection also causes a small oscillation with time of the solar zenith angle
(𝜒) on each point of the flux tube. However in the case of the Lmax = 2 RE tube, this 𝜒 oscillation remains
small and is totally outclassed by the usual diurnal variation of 𝜒 caused by the corotation. In consequence,
for each hemisphere taken separately, the electron density distribution along the flux tube displays an almost
identical day-to-day pattern (bottom panel of Figure 3). On the other hand, the slow drift of the tilt projection
may explain the hemispheric differences in the electron density pattern, which does not become identical
even at equinox day. Such an identical pattern could probably have been observed for a flux tube only if the
dipole tilt projection was close to 0◦ at equinox day.

5.2. Intermediate Plasmasphere

For the tube at Lmax = 4 RE at equinox, the results are displayed in Figure 4. The L-shell along the tube path
(red curve, top panel) shows an oscillation of stronger amplitude than at Lmax = 2 RE, and the dipole tilt
projection displays a more complex signal with two different periods (blue curve, top panel). Each period
corresponds again to the two convection effects described in the Lmax = 2 RE case. The smallest diurnal
oscillation is caused by the nonuniform rotation speed of the flux tube with a deceleration before the stag-
nation point and an acceleration after the stagnation point. However, since this tube is further from Earth,
the effect is amplified with stronger deceleration and acceleration leading to the oscillation amplitude of the
dipole tilt projection reaching almost 10◦ (see blue curve behavior for days 5–6 March).
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Figure 7. Electron concentration at 180 km in southern (in blue) and northern (in red) hemispheres for the closed field
line with Lmax = 4 RE, as a function of solar zenith angle 𝜒 and for the period of one month before North spring
equinox.

The longer period of about 16.5 UT days is due again to the lower average rotation speed of the flux tube with
respect to the Earth's speed, causing a drift of the dipole axis with respect to the flux tube plane. However,
this average speed is now perceptibly lower than the Earth's speed (by 6.4% as already stated in section 4),
causing the Earth to accomplish a full supplementary rotation with respect to the flux tube in about 16.5 UT
days. The minimum at about –11.5◦ and maximum at about +11.5◦ correspond to the two positions where
the dipole axis is contained in the flux tube plane (minimum when the North pole is in phase with the flux
tube), and the 0◦ crossings correspond to the dipole axis perpendicular to the flux tube plane.

Finally, the amplitude of the diurnal oscillations is not constant over time, stronger when the dipole tilt pro-
jection passes from +11.5◦ to –11.5◦ (on descending branch) than when it passes from –11.5◦ to +11.5◦ (on
ascending branch). This asymmetrical effect could be due to the drift angle velocity being maximum dur-
ing this ascending branch causing the variation of the dipole tilt projection to also be maximum, as already
stated in section 4 and seen with the red curve in Figure 2. These effects lead to strong 𝜒 diurnal oscilla-
tions on each point of the flux tube, as well as strong day-to-day 𝜒 variability along the flux tube causing in
response large variability of the solar illumination, of the atmosphere ionization and of the resulting elec-
tron density distribution (bottom panel of Figure 4). It is even possible to recognize in the electron density
pattern the two periods seen in the dipole tilt projection plot (top panel of Figure 4).

In each hemisphere, a clear day-to-day variation is observed in the diurnal pattern of the electron density
but with an almost identical pattern being reproduced every 16.5 UT days (see, e.g., days 25 February and
12 March). Finally, for the same reason as for the tube at Lmax = 2 RE, both hemispheres display clear diur-
nal asymmetries even at equinox day, although the ionospheric F region and E region average densities are
roughly of the same order of magnitude. As for Lmax = 2 RE, we attribute this asymmetry to a nonzero dipole
tilt projection at equinox day. To address the question of this asymmetry, we looked at the temporal evolu-
tion of the electron density at 180 km. This altitude was chosen because it corresponds more or less to the
transition region between molecular ions (mainly NO+) and the atomic ions (mainly O+) and is still strongly
dominated by chemical equilibrium between photoproduction and NO+ − e− dissociation recombination.
Figure 7 presents the electron concentration at this altitude in the southern (in blue) and the northern (in
red) hemispheres as a function of solar zenith angle 𝜒 , for the period covered by the simulation. We clearly
see that both hemispheres have the same variation of the electron density with 𝜒 , but the asymmetry comes
from the lower 𝜒 extension in the northern hemisphere compared with the southern hemisphere for this
pre-spring period.𝜒 values below 60◦ are not reached in the northern hemisphere because first, we are going
from winter to spring, and the geographic latitude of the northern footprint is located above 50◦ and then,
the 𝜒 extension depends on the tilt angle (see Figure 2). The shape of this variation is characteristic of a
Chapman layer, and the important point is that the ionosphere disappears just after sunset (𝜒 ≥ 90◦). So,
we have an unambiguous relationship, at 180 km, between electron concentration and solar zenith angle,
which thus provides a marker for the duration of the daylight (nonzero concentration) and darkness (almost
zero concentration) periods (see section 6).
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We also present results for the tube Lmax = 4 RE at solstice in Figure 5. As for Lmax = 4 RE at equinox, the
two periods are also visible in the tilt angle projection (blue line, top panel), as well as in the [NH+ ]/[Ne− ]
ratio (middle panel) and in the electron density profile (bottom panel). Moreover, amplitude variations of
the diurnal oscillation are also observed and are clearly emphasized during solstice with oscillations almost
completely smoothed out on the ascending branch and strongly enhanced on the descending branch of the
longest period (16.5 UT days). This effect is probably emphasized during solstice by the tilt of the geographic
equatorial plane of about +23.5◦ with respect to the normal to the ecliptic plane. As expected, the solstice
conditions also produce asymmetric behavior between hemispheres with a very strong and almost continu-
ous ionospheric F region in the summer northern hemisphere (bottom panel), due to 𝜒 being almost always
above 90◦ causing continuous ionization. This is particularly evident when the dipole tilt projection is at its
maximum value around +11.5◦ (Days 1 to 5) corresponding to a dipole inclination being close to +34◦ from
the normal to the ecliptic plane, enhancing further the atmosphere's photoionization. These effects also
strongly affect the dynamics of the plasma at the interface between the ionosphere and the plasmasphere,
which is here roughly estimated as being at a 0.5 [NH+ ]/[Ne− ] ratio (see middle panel but also the white lines
on bottom panel). It is then clear on this plot that this interface also varies with altitude, with a diurnal cycle
(varying from about 1,000 km during night to 4,000 km during day) but also with the longer period variation
in dipole tile projection. It is flatter for a dipole tilt projection around +11.5◦ (e.g., between 30 February and
6 March) especially in the summer hemisphere and more symmetrical between hemispheres around –11.5◦.

5.3. Outer Plasmasphere

Figure 6 displays the results obtained at equinox for a flux tube reaching Lmax = 6 RE, very close to the
stagnation point. As expected, the convection effect is strongly enhanced and affects the dynamics of the
plasma. Despite not being chaotic, the variation of the dipole tilt projection becomes extremely complex
(blue curve, top panel). The L-shell along the tube path (red curve, top panel) shows that a full rotation of
the flux tube around the Earth is now accomplished in about 48 hours since the average rotation speed of
the tube is considerably slower than the Earth's (by 58% as already stated in section 4). This results in an
electron density characterized by a periodic 2-day enhancement of ionization, in phase but asymmetric, in
both hemispheres (bottom panel). The temporal structure of the density is clearly an effect of the dipole tilt
drift (blue curve, top panel), which makes a full turn with the Earth while the tube remains in the stagna-
tion region (red curve, top panel). This is clearly visible in the dipole tilt projection (blue curve, top panel),
for example, on days 25–27 February where the dipole tilt projection spans from +11.5◦ to –11.5◦ and to
+11.5◦ again while L-shell remains almost constant at about 6 RE, in the stagnation region. This ∼ 23◦

extension has two main effects on the ionosphere. First of all, the solar zenith 𝜒 angle along the flux tube
is impacted and evolves with time with an extension controlled by the tilt angle, though the tube remains
at the same solar local time. This causes north-south asymmetry which affects the electron density in both
hemispheres.

The 𝜒 variation is important at high-latitude and affects ionization production rates. As the E region is
dominated by chemical processes, with time scale of about 1 min, it is very sensitive to this 𝜒 variation,
causing the density fluctuation below 200 km in both hemispheres. Beside this, the F region time scale is
about half an hour and is controlled by the balance between production and field aligned transport; thus,
it is also very sensitive to the nonuniform motion of the flux tube. Indeed, in a standard ionosphere, the
location of the main F peak is controlled by the neutral wind, through its field aligned projection. The rate
of variation of the tilt angle (mainly the sign of the variation) affects this field aligned projection and can
displace sensitively the location of this peak. This effect is asymmetric between +11.5◦ to –11.5◦ and –11.5◦

to +11.5◦ variations and results in a highly variable ionosphere in the F peak region. This explains the
sawtooth oscillations observed above 200 km altitude in the ionospheric day-like electron density in both
hemispheres (bottom panel). If the density variations below the F peak follow more or less the variations
of the tilt angle (and thus 𝜒 angle), the variations above this peak are more complex due to this balance
between production and diffusion. Seasonal effects on the atmosphere (especially the wind) explains the
asymmetrical behavior above the F peak between northern and southern hemispheres, even close to equinox
with similar illumination in both hemispheres.

Finally, for the longer periodic variation, a quasi-period of about 12 days can be identified, but the observed
pattern is not exactly identical. It corresponds to the time duration needed for the dipole tilt projection to
come almost exactly back to the same configuration with respect to the flux tube plane.
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Figure 8. Temporal evolution of the field-aligned ion velocity at F2 peak (in red) and neutral velocity at 180 km (in blue) in panels (a) and (c), with the
convention that positive velocity corresponds to upward motion, the electron density at 180 km (in blue) and at the F2 peak (in red) in panels (b) and (d) and
hmF2 altitude in southern (in blue) and northern (in red) hemispheres in panel (e), for the closed field line with Lmax = 4 RE . A period of one month before
North spring equinox spanning February and March is displayed as a function of the day of the month. Panels (a) and (b) correspond to the southern
hemisphere and panels (c) and (d) to the northern hemisphere. The field aligned contribution of the convection is displayed in black on velocity plots (panels (a)
and (c)).

6. Field-Aligned Contributions of Neutral Wind and Convection
Figures 3 to 6 highlight the complex behavior of the F region, which significantly differs in the southern and
northern hemispheres and are most probably related to dynamics of the neutral wind and the convection.

To illustrate this effect, which is responsible for North-South asymmetry, we focus on the simulation for
spring equinox with Lmax = 4 RE (Figure 4) and more specifically on the variations of the F2 peak density.
Indeed, the density at the peak altitude, hereafter designated as hmF2, results from the balance between
photoproduction and field-aligned transport and thus characterizes well transport effects. Moreover, hmF2
is located just above the region where neutral atmosphere strongly controls the ionospheric dynamics that
can be symbolized by the 180 km altitude that we already used in section 5.2.

On Figure 8, we plot the temporal evolution of the field-aligned ion velocity at the F2 peak (in red) and
of the neutral velocity at 180 km (in blue) in panels (a) and (c), with the convention that positive velocity
corresponds to upward motion, the electron density at 180 km (in blue) and at the F2 peak (in red) in panels
(b) and (d) and the hmF2 altitude in southern (in blue) and northern (in red) hemispheres in panel (e). The
period of one month before North spring equinox spanning February and March is displayed as a function
of the day of the month. Panels (a) and (b) correspond to the southern hemisphere and panels (c) and (d)
to the northern hemisphere. The field aligned contribution of the convection is also displayed in black on
velocity plots (panels (a) and (c)). Density at 180 km is used as a marker of daylight and darkness periods for
which we clearly see the typical Chapman layer diurnal evolution, as stated in section 5.2. If we look at the
F2 peak density in both hemispheres, we can notice a strong density enhancement at sunrise followed by a
strong density decrease well after sunset, during darkness period. However, northern hemisphere shows a
sharp maximum while in southern hemisphere density shows some kind of high value plateau, which lasts
longer than in the opposite hemisphere with some kind of temporal oscillations. These oscillations exactly
correspond to what is observed on Figures 3 to 6.

Panels (a), (c), and (e) show that the F2 region is controlled by neutral wind. Indeed, there is a clear corre-
lation between the dynamics of the wind and hmF2, the altitude of the F2 peak. As a matter of fact, hmF2
has an almost linear dependency on the neutral wind, whatever the hemisphere, with an altitude increasing
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from 240 to 370 km when the wind increases from −30 to +40 m.s−1. This component of the wind is the pro-
jection of the horizontal neutral wind along the magnetic field line and so this field-aligned component is a
mixture of meridional and zonal components, though the meridional component dominates. Consequently,
we can affirm that the F2 region is controlled by meridional wind in the lower F region, where collisions on
neutrals are strong enough to ensure that the field-aligned ion velocity is very close to the neutral one.

The interesting point is that, in both hemispheres during the darkness period just before sunrise, the neutral
wind is turning positive (panels (a) and (c)), imposing hmF2 to increase. The ionospheric plasma is then
uplifted by the motion of the lower F region, but as the ion velocities at hmF2 remain negative, the F2 region
is broadened in altitude, with no production as we still are in darkness. The result is a distribution of the
plasma on a larger altitude range, which leads to a sharp decrease of the F2 peak density that is observed
before sunrise; transport is then a loss term for F2 plasma.

There is no doubt concerning the strong increase at the F2 peak: sunrise produces ions and electrons that
can only be removed by transport (see panels (b) and (c)). It occurs that the sunrise coincides with a neutral
wind turning negative in both hemispheres, resulting in a decrease of hmF2. The plasma in the F2 region is
then downlifted to the F1 region while the production increases. As the characteristic time in the F2 region
is larger than half an hour, there is some delay before transport can balance the production, but overall, the
density increases during the ascending phase of the Sun (i.e., 𝜒 is decreasing) and reaches a maximum after
zenith, in the descending phase.

However, the neutral velocity differs in the two hemispheres, leading to a different behavior of the F2 region.
As a matter of fact, neutral wind in the northern hemisphere shows a sharp negative foray and then an
almost constant velocity for the rest of the daylight period (panel (d)). This results in a rapid decrease of
hmF2 to the lowest value at sunrise. The balance between production and transport then leads to a single
sharp maximum for the density. On the other hand, the wind in the southern hemisphere turns negative
during a longer period of time, which lasts the daylight period. The consequence is that hmF2 decreases more
smoothly to the minimum value, which is reached approximately when Sun is at zenith, with a strong impact
on production/transport balance in the F2 region. The density shows a local decrease (panel (b)) when hmF2
reaches its minimum because production starts to decrease while the ion velocity reaches its most negative
value: F2 plasma is removed faster. This explains the apparent oscillation of the plasma in the F2 region.

Beside this, the motion of the flux tube imposes an uplifting or downlifting of the plasma and of the altitude
grid associated with the tube (in lagrangian representation): the rate of change of this altitude grid with
respect to the ground is the field aligned contribution. Its contribution does not appear directly in the velocity
but instead, on the advection term present in the transport equations. Even a low, but long lasting, value of
this contribution, as it occurs close to the stagnation region, may have a cumulative effect on the ionospheric
density. In this simulation, this contribution is oscillating between −5 and +5 m.s−1 (because of a moderate
convection velocity) and is then not negligible compared to neutral wind. As it is alternately in phase during
darkness (before sunrise) and antiphase during daylight (before sunset) with neutral velocity, it contributes
mainly to amplify the decrease of electron density in the F2 region during darkness, before sunrise.

We can affirm that the F2 region is very sensitive to the orientation of the neutral wind, mainly the meridional
wind, with respect to the convecting field line at the two footprints. We are in the period before spring
coming from winter solstice, and as Drob et al. (2015) showed in their Figure 3, northward wind behaves
differently at high latitudes around 50◦ (where are located the footprints). In both hemispheres, a sharp
transition is observed before sunrise and after sunset with a low minimum reached around noon in the
southern hemisphere but a strong maximum reached in the morning sector in the northern hemisphere.
This effect is likely to be amplified with the L-shell as the convection affects the temporal evolution of the
local time along the magnetic field line, which is the driver for the wind. This highlights the importance of
the convection, which is responsible for geometrical effects that may have local impact as the one discussed
here but also a global impact.

7. Discussion
As seen in the previous sections, the simple modeling of closed plasmaspheric flux tubes for stable and quiet
conditions shows unexpected complex temporal variations of the plasma distribution along the flux tubes,
especially in the ionosphere in both hemispheres. These variations are caused by the competition between
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corotation and convection, which impacts the motion of plasmaspheric flux tubes and causes a subcorotation
of the plasmasphere associated with an angular variation of the magnetic dipole tilt projection in the flux
tube plane.

The induced differential rotation between the Earth and the flux tube changes the solar illumination along
the flux tube and thus the ionospheric plasma production and causes a day-to-day variation in the dynamics
of the plasmasphere-ionosphere system. This effect is emphasized by the tilt angle variation rate, which
affects the field-aligned transport, mainly through the projection of the horizontal wind along the field line,
as discussed in the previous section. These effects increase strongly with the distance of the flux tube from
the Earth (Lmax ≥ 3RE), although already discernable at Lmax = 2 RE and produce ionosphere asymmetry
in both hemispheres even close to equinox day, if in particular the dipole tilt projection is far from 0◦, as
already stated in sections 5.1 and 5.2.

When searching for observations of such an effect, we found some references of conjugate observations at
midlatitudes coming from ionosondes (Kalita et al., 2016; Timoçin et al., 2018), GNSS Total Electron Content
(TEC) (Gulyaeva et al., 2013), or Radio-Occultation satellite data (Liu et al., 2011). In these papers, average
ionospheric density magnitude (given by the local F2 peak region or by TEC) is relatively similar in both
hemispheres but displays some asymmetric behavior at specific local time. Although these results could
support our finding, when discussed, they are often related to other effects, such as the fixed offset between
geomagnetic and geographic coordinates system, which in particular can change the underlying thermo-
sphere properties. This effect is real, and the dipole tilt projection drift could simply add to this already
existing complexity.

In the inner plasmasphere, the equilibrium will be even more perturbed by the thermospheric properties
(wind and/or subcorotation) thought to be responsible for the ionospheric dynamo disturbance but which
are not taken into account in these simulations.

In the outer plasmasphere, magnetic mirror force is an important contribution to the plasma field aligned
motion, which is highlighted by the guiding center approximation. However, in the fluid approach, account-
ing for this effect is only possible if anisotropy is described by the transport equations, as this mirror
force is intrinsically associated with energy distribution between parallel and perpendicular component.
Marchaudon and Blelly (2015) discuss the contribution of the mirror force in the frame of IPIM and showed
how significant its contribution can be (see in particular their figure 8 and associated discussion). As the
variable drift associated with the tilt will strongly affect the plasma distribution, giving rise to strong elec-
tron and ion anisotropies, or equivalently, to magnetic mirror forcing, the 16-moment approximation used
in IPIM is the appropriate approach to catch the effects of the transport in a nonuniform magnetic field.
However, as this effect is not central for this paper, we will not discuss it any further.

Although run for very simplified conditions, these simulation results tend to show that no real dynamical
equilibrium can be reached in the plasmasphere-ionosphere system, even without an external driver during
quiet and stable conditions.

These results seem also to imply that the classical UT-MLT representation of the plasmasphere-ionosphere
system is largely inadequate and that it is not possible to have a representative instantaneous snapshot of
the plasmasphere by taking several flux tubes spanning different distances from Earth and making them
simply rotate a full turn around the Earth. As all these flux tubes will not rotate at the same speed, they
will get different dipole tilt projections at a given MLT resulting in an irregular pattern of the plasmaspheric
plasma. To get a reliable snapshot of the plasmasphere at a given time, it is thus necessary either to use a
model with a full Eulerian 3-D description of the plasmasphere-ionosphere system or to consider in IPIM
simultaneously a large number of flux tubes evenly distributed throughout the plasmasphere. Even then,
the flux tube distribution will soon become uneven, especially at large distance from Earth (Lmax ≥ 3RE),
due to their nonuniform rotation around the Earth, with more tubes concentrated just before the stagnation
region and largely less tubes elsewhere, especially after the stagnation region.

8. Conclusion
The simulations presented in this paper were an attempt to deepen our understanding of the dynamics of
the plasmasphere-ionosphere system and to give a new view on the capacity for this system to reach equi-
librium or not. To do so, we ran the IPIM model for several flux tubes at different distances from Earth for
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long periods (30 days) close to solstice and equinox and for very quiet conditions. As expected, the plasma
distribution along each flux tube shows the strong influence of the variable solar illumination, but more
unexpectedly, the rate of variation of the dipole tilt projection, associated with the nonuniform rotation of
the flux tube, enhances this influence and impacts the field-aligned transport. This significantly affects the
plasma distribution of the flux tube and emphasizes the asymmetrical distribution between the two hemi-
spheres as well as the temporal evolution of the F region. This nonuniform motion is due to the competition
between corotation and convection, which causes eventually a lag of the flux tube motion with respect to
the Earth. This combination of nonuniform rotation and subcorotation in average becomes important espe-
cially for Lmax ≥ 3RE and causes nonuniform drift of the dipole tilt projection in the plane of the flux tube
with time, changing drastically the plasma distribution along the tube but also from one tube to the other
depending on its initial position with respect to the dipole tilt orientation at the beginning of the simula-
tion. Although subcorotation is already a well-known process in the plasmasphere, the implication it can
have on the plasma distribution along a plasmaspheric flux tube has not yet been studied to our knowledge.
This effect is probably weaker than thermospheric (e.g., variable winds) or external (e.g., variable convec-
tion) factors, but these simulation results seem to show that no dynamical equilibrium can be reached along
a plasmaspheric flux tube even for extremely quiet and stable conditions for Lmax ≥ 3RE. These results
should be compared to simulation runs, where He+ is taken into account in IPIM to confirm the impor-
tance of the He+ ions in the field-aligned dynamics of the ionosphere-plasmasphere system. Finally, these
results should also be incorporated to other simulations taking into account variable thermospheric winds
or magnetospheric convection, in order to unveil the importance of the contribution of each effect.

These simulation results give insight into the global dynamics of the plasmasphere-ionosphere system and
prove somehow that it is illusory to look for an equilibrium state of this system even during equinox and even
for very stable and quiet solar wind and magnetospheric conditions. This also has strong implications on
the signal variability, which could be expected between different ground-based stations (ionosondes, Inco-
herent Scatter Radar, ground-based magnetometers) as well as satellites. Since one ground-based station is
at a fixed geographic location, we cannot directly capture the effect of the drift of the tilt angle projection.
To do so, we would need to follow with a specific space mission the same field line for a certain time; this
is impossible, since it implies to have a satellite drifting in the system with a velocity equivalent to the com-
bined convection and corotation drift. However, in case of ground-based stations, even for stations located
at almost identical magnetic latitudes but separated in longitudes, the variations implied by this different
dipole tilt projection could significantly change physical quantities from one station to the other. Moreover,
even different satellites crossing the same MLT of the plasmasphere at different universal times may give
rise to non-negligible variations of the dipole tilt projection and may make comparisons difficult. Finally,
concerning GNSS satellites, the various lines-of-sight with several ground based stations will encompass a
large number of flux tubes with different motion histories. This will affect the TEC and impact ionospheric
reconstruction, especially in the outer plasmasphere, where the variations in the F region discussed before
are superimposed to the density fluctuations of the subauroral region.
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