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Abstract This paper investigates a possible physical mechanism of the observed dayside
high-latitude upper thermospheric wind using numerical simulations from the coupled
magnetosphere-ionosphere-thermosphere (CMIT) model. Results show that the CMIT model is capable
of reproducing the unexpected afternoon equatorward winds in the upper thermosphere observed by
the High altitude Interferometer WIND observation (HIWIND) balloon. Models that lack adequate coupling
produce poleward winds. The modeling study suggests that ion drag driven by magnetospheric lobe cell
convection is another possible mechanism for turning the climatologically expected dayside poleward
winds to the observed equatorward direction. The simulation results are validated by HIWIND, European
Incoherent Scatter, and Defense Meteorological Satellite Program. The results suggest a strong momentum
coupling between high-latitude ionospheric plasma circulation and thermospheric neutral winds in the
summer hemisphere during positive IMF Bz periods, through the formation of magnetospheric lobe cell
convection driven by persistent positive IMF By . The CMIT simulation adds important insight into the role of
dayside coupling during intervals of otherwise quiet geomagnetic activity

1. Introduction

Thermospheric winds play an important role in the coupled magnetosphere-ionosphere-thermosphere
system. For example, the inertia of thermospheric winds can maintain ionospheric convection without mag-
netospheric drivings [e.g., Banks, 1972; Coroniti and Kennel, 1973; Lyons et al., 1985; Ridley et al., 2003; Wang
et al., 2007]. Understanding the dynamic evolution of thermospheric winds is not only crucial for space physics
research but also important for space weather applications. The measurements of daytime upper thermo-
spheric winds from the HIWIND (High altitude Interferometer WIND observation) balloon experiment revealed
persistent equatorward winds during geomagnetically quiet times (Kp ≈ 2) near local noon at high latitudes
on 14 June 2011 when poleward winds were expected [Wu et al., 2012]. However, the measured equator-
ward winds are in contrast to statistical patterns of the upper thermospheric winds derived from satellite
observations under all interplanetary magnetic fields (IMF) orientations [e.g., Thayer et al., 1987; Richmond
et al., 2003; Förster et al., 2008]. Furthermore, the observed dayside equatorward wind at high latitudes was
not reproduced by the NCAR thermosphere-ionosphere-electrodynamic general circulation model (TIEGCM),
which gave poleward winds on the dayside in the upper thermosphere resulting from the balance between
day-night pressure gradient force, centrifugal force, Coriolis force, and empirical ion drag near the polar cap
[Wu et al., 2012].

To explain this unexpected dayside wind pattern observed by HIWIND, a polar cusp heating mechanism
has been considered as a possible driver. With additional electromagnetic and soft electron precipitation
energy introduced near the cusp region, the measured equatorward wind in the noon sector was approx-
imately reproduced in the global ionosphere-thermosphere model (GITM) [Sheng et al., 2015]. In the GITM
simulations, these additional heating sources cause enhancements of neutral temperature in the F region
near the polar cusp. As a consequence, the pressure gradient force originating from the enhanced cusp neu-
tral temperature may turn the winds equatorward. While the GITM simulation study does suggest possible
connections between the polar cusp heating and the direction of daytime upper thermospheric winds, the
high-latitude forcing was based on empirical specifications. Moreover, the additional heating sources were

RESEARCH LETTER
10.1002/2016GL069834

Key Points:
• Ion drag is another possible

mechanism for the unexpected
dayside equatorward thermospheric
wind observed at high latitudes

• Sunward plasma drift occurred in the
noon sector due to magnetospheric
lobe cell convection driven by IMF By

• High-latitude thermosphere
is tightly coupled to the
magnetosphere-ionosphere system
even during quiet periods

Correspondence to:
B. Zhang,
binzheng@ucar.edu

Citation:
Zhang, B., W. Wang, Q. Wu, D. Knipp,
L. Kilcommons, O. J. Brambles,
J. Liu, M. Wiltberger, J. G. Lyon,
and I. Häggström (2016), Effects of
magnetospheric lobe cell convection
on dayside upper thermospheric
winds at high latitudes, Geophys.
Res. Lett., 43, 8348–8355,
doi:10.1002/2016GL069834.

Received 31 MAY 2016

Accepted 10 AUG 2016

Accepted article online 12 AUG 2016

Published online 26 AUG 2016

©2016. American Geophysical Union.
All Rights Reserved.

ZHANG ET AL. LOBE CELL AND THERMOSPHERIC WINDS 8348

http://publications.agu.org/journals/
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)1944-8007
http://dx.doi.org/10.1002/2016GL069834


Geophysical Research Letters 10.1002/2016GL069834

specified time-independently based on estimations from nonlocal satellite observations. Therefore, further
investigations are needed to justify the location and persistence of the energy source and quantify the amount
of energy dissipation associated with the heating in the vicinity of polar cusp for this particular event.

In addition to the cusp heating mechanisms, ion-neutral coupling driven by magnetosphere-ionosphere
plasma convection at high latitudes may also play an important role in regulating upper thermospheric winds
during geomagnetically quiet periods [e.g., Thayer et al., 1995]. In the polar cap, sunward plasma convection
driven by magnetospheric lobe cells has been observed by low-altitude satellites [e.g., Burch et al., 1985; Coley
et al., 1987; Lu et al., 1994, 1995; Matsuoka et al., 1996; Eriksson et al., 2002, 2003], ground based measurements
[e.g., Maezawa, 1976], data assimilation techniques [e.g., Knipp et al., 1993], and remote sensing techniques
[e.g., Øieroset et al., 1997; Sandholt et al., 2001, 2003]. Statistical studies have shown that these magneto-
spheric lobe cells mostly occur in the summer hemisphere driven by IMF By conditions [e.g., Crooker and Rich,
1993; Eriksson et al., 2002, 2003]. In the solar wind-magnetosphere interaction picture, lobe cells are magne-
tospheric response to merging site asymmetries imposed by dipole tilt, IMF Bx and By [Crooker and Rich, 1993;
Watanabe et al., 2010] and are driven by magnetic reconnection at a site on the lobe or flank magnetopause
[Gosling et al., 1991; Ohtani et al., 1995]. Global magnetosphere models have been used to investigate the
physical origins and dynamic evolutions of lobe cell convection [e.g., Ogino et al., 1985, 1986; Crooker et al.,
1998; Tanaka, 1999; Raeder et al., 2000; Watanabe et al., 2010]. Numerical simulations have shown that under
IMF By conditions, the topology of lobe cell convection is driven by overdraped fields passing through the
magnetopause diffusion region, and the strength of lobe cell convection is controlled by solar wind (SW)
Alfvén Mach number [Crooker et al., 1998; Tanaka, 1999]. Given the fact that positive IMF By was a persistent
driving component during the HIWIND balloon experiment launched in the summer Northern Hemisphere,
an interesting question then arises: if sunward lobe cell convection occurs in the polar region, does it change
the direction of upper thermospheric winds from poleward to equatorward on the dayside?

To explore possible answers to this question, we use the coupled magnetosphere-ionosphere-thermosphere
(CMIT) model to investigate the effects of magnetospheric driving on upper thermospheric winds at high
latitudes. In the CMIT model, the high-latitude driving for the TIEGCM including convection electric field
and particle precipitation are provided by a self-consistent global magnetospheric model driven by realis-
tic SW and IMF conditions. In order to demonstrate the importance of physics-based high-latitude driving
on the accuracy of modeling thermospheric dynamics, stand-alone TIEGCM simulations driven by empirical
high-latitude forcing are also performed for intermodel comparisons. The layout of the paper is as follows.
Section 2 details simulation information. Section 3 describes the effect of magnetospheric lobe cell convec-
tion on upper thermospheric winds at high latitudes through model-model and data-model comparisons.
Section 4 summarizes the results.

2. Simulation Information

The CMIT code combines the Lyon-Fedder-Mobarry (LFM) global magnetosphere simulation and the
TIEGCM via the Magnetosphere-Ionosphere Coupler/Solver (MIX) module. LFM-MIX solves conservative
MHD equations for the three-dimensional solar wind-magnetosphere interactions with electrostatic cou-
pling between magnetosphere and ionosphere [Lyon et al., 2004; Merkin and Lyon, 2010]. TIEGCM solves
three-dimensional hydrostatic, thermodynamic, and continuity equations of thermospheric neutral gas
self-consistently with fully coupled ionospheric dynamics [Roble et al., 1988; Richmond et al., 1992]. In the CMIT
model, LFM-MIX is driven by upstream SW and IMF conditions, providing high-latitude plasma convection and
auroral precipitation for TIEGCM. TIEGCM calculates the ionospheric conductance based on first-principles
physics for LFM-MIX [Wiltberger et al., 2004; Wang et al., 2004]. The electron precipitation models including
soft electron populations implemented in CMIT can be found in Zhang et al. [2012, 2015]. Note that in CMIT,
the high-latitude particle precipitation and Joule heating used in TIEGCM are consistent with magnetospheric
plasma properties and convection in LFM.

Figure 1 shows the upstream SW and IMF conditions in the solar magnetic (SM) coordinates during the flight
of the HIWIND balloon on 14 June 2011. The SW/IMF conditions are obtained from the NASA Coordinated Data
Analysis Web using 1 min OMNI combined observations and transformed to the SM coordinate system. The
SW Vx varied between 400 and 500 km/s and large Vz occurred in the afternoon (200–300 km/s) indicating
the effects of dipole tilt. The IMF Bz was mostly northward except during 07:30–09:00 UT with Bz ≈ −5 nT.
The southward turning of IMF Bz just prior to 08:00 UT initiated substorm activities around 09:30 UT,

ZHANG ET AL. LOBE CELL AND THERMOSPHERIC WINDS 8349



Geophysical Research Letters 10.1002/2016GL069834

Figure 1. The SW/IMF conditions for the 14 June 2011 event. From top to bottom, solar wind number density (N),
plasma sound speed (Cs), solar wind velocity components in the solar-magnetic (SM) coordinates (Vx , Vy , Vz), the
interplanetary magnetic field components in the SM coordinates (Bx , By , Bz).

producing a maximum AE index of approximately 900 nT. Between 09:00 and 16:00 UT, the IMF was mostly
northward, with a positive By component around +5 nT. The choice of the SM coordinate system is based on
numerical considerations such that the Earth’s dipole axis is aligned with the z axis. The difference between
the SM and geocentric solar magnetospheric (GSM) coordinates originates from the x and z components of
the IMF while the y component remains the same between the two coordinate systems. The geomagnetic
conditions on 14 June 2011 were regarded as quiet, with a daily averaged Kp index of 2.

3. Results and Discussions

Figure 2a shows the simulated speeds of meridional wind at approximately 280 km altitude in CMIT (denoted
as TIEGCM+LFM in the following text) along the HIWIND balloon track, together with the observed speeds of
meridional wind. In order to see the difference between simulations driven by physics-based and empirical
high-latitude models, the meridional winds from two stand-alone TIEGCM simulations driven by the Heelis
and the Weimer empirical convection models [Heelis et al., 1982; Weimer, 2005] are also shown in Figure 2a
(these two runs are denoted as TIEGCM+Heelis and TIEGCM+Weimer, respectively). All three simulations are
preconditioned for 20 days (from 0:00 UT 25 May 2011 to 0:00 UT 14 June 2011) before the start of the HIWIND
event using stand-alone TIEGCM. In the TIEGCM+Heelis run, the simulated poleward wind between 06:00
and 18:00 UT deviates significantly from the observed equatorward wind. The TIEGCM+Weimer simulation
captures some of the temporal variations of the observed meridional wind; however, the simulated wind is
poleward between 06:00 and 18:00 UT. In the TIEGCM+LFM case, the simulated meridional winds provide a
better match to observations, especially in the morning between 04:00 and 06:00 UT and in the afternoon
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Figure 2. The simulated speeds of (a) meridional and (b) zonal wind along the HIWIND balloon trajectory from the three
simulations, together with the observed neutral wind speeds. For the meridional wind, positive values mean poleward
and negative values mean equatorward. For the zonal wind, positive values mean eastward and negative values mean
westward. The simulated speeds of (c) meridional and (d) zonal ion drift, together with the EISCAT observation over
Kiruna (68∘N, 20∘E). The TIEGCM+Heelis run is shown in blue, the TIEGCM+Weimer run is shown in yellow, and the
TIEGCM+LFM run is shown in green. The root-mean-square deviations (RMS-Deviation) of the simulated meridional
winds are listed in Figure 2a.

between 12:00 and 18:00 UT. In the afternoon time between 12:00 and 18:00 UT, the HIWIND balloon drifted
from approximately 13 to 18 local time at 68∘ latitude in the geographic coordinates. Noticeable disagree-
ments occur between 09:00 and 11:00 UT, during which the observed wind is equatorward around 100 m/s,
whereas the simulated wind is poleward around 50 m/s. The time delay between the southward turning of IMF
and the observed peak equatorward wind is possibly a consequence of thermospheric characteristic response
time which is solar activity dependent [e.g., McCormac et al., 1988; Ponthieu et al., 1988].This discrepancy in the
morning sector may be explained by the additional cusp heating mechanism suggested by Sheng et al. [2015],
since magnetospheric energy input processes associated with mesoscale/small-scale Alfvén wave dynamics
are subgrid in the global MHD model. Further investigations quantifying the location, spatial extension, and
time history of the additional heating sources in the vicinity of the cusp are needed to fully understand the
neutral wind dynamics during 08:00–11:00 UT.

Figure 2b shows the comparisons on zonal neutral winds. Between 06:00 and 17:00 UT, all three simulations
show excellent agreement with the HIWIND observation, indicating that the daytime zonal wind is not signif-
icantly influenced by the choice of high-latitude driving in this event simulation. Between 02:00 and 06:00 UT,
all the three simulations overestimate the zonal wind compared to the HIWIND observation, which may be
due to the same initial state of TIEGCM using the standard 20 day precondition process. At nighttime between
20:00 and 24:00 UT, the TIEGCM+Heelis simulation underestimates the zonal wind, while the TIEGCM+Weimer
simulation overestimates the zonal wind. The magnitudes of the simulated zonal wind in the TIEGCM+LFM
run show acceptable agreements with observation, but the temporal variations show some inconsistencies
with observation. This discrepancy in the midnight sector might be related to the uncertainties in modeling
auroral activities associated with magnetotail dynamics.
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Figure 3. The simulated snapshots of neutral wind patterns (black arrows) and ion drift (red contours) at approximately 280 km altitude at 13:30 UT from
(a) TIEGCM+LFM, (b) TIEGCM+Weimer, and (c) TIEGCM+Heelis. The location of the HIWIND balloon is shown using a red square. The contour level is 3.4 kV, with
the minimum/maximum values indicated in the bottom left corner of each panel. The reference vector of neutral wind speed (438 m/s) is indicated in the
bottom right corner of each panel.

Figure 2c shows the comparisons between the simulated and observed meridional ion drifts from European
Incoherent Scatter (EISCAT) at Kiruna (68∘N, 20∘E). The meridional ion drifts derived from the TIEGCM+Heelis
run show little temporal variations since the Heelis convection pattern is driven by the Kp index and is updated
every 3 h. The simulated meridional ion drifts in TIEGCM+Weimer and TIEGCM+LFM show similar tempo-
ral variations. Between 08:00 and 09:00 UT, the ion drift speeds derived from TIEGCM+LFM are higher than
observations by a factor of approximately 1.5, which is possibly due to overestimations of the ionospheric
cross-polar cap potential in the LFM model for southward IMF driving [Zhang et al., 2011]. Between 12:00 and
17:00 UT, the simulated speeds of meridional ion drift from the three simulations are approximately zero,
which are consistent with the observation. At nighttime between 20:00 and 24:00 UT, TIEGCM-LFM captures
the dynamic variations of the meridional ion drift although the drift speeds are larger than observations.
Neither TIEGCM-Weimer nor TIEGCM-Heelis reproduces the temporal variations of the observed merid-
ional ion drift between 20:00 and 24:00 UT, possibly due to the empirical nature of the Weimer and Heelis
convection models.

Figure 2d shows the comparisons on zonal ion drifts. Little variations of zonal ion drifts are seen in
TIEGCM+Heelis throughout the event. Improvements are evident in the TIEGCM+Weimer run compared to
the TIEGCM+Heelis run, but the magnitudes and temporal variations of the simulated zonal ion drifts are not
in good agreement with observations, which is a consequence of using empirical high-latitude drivings. The
zonal ion drift derived from TIEGCM+LFM shows good agreement with observations throughout the event.
The comparisons with ion drifts suggest that the CMIT model has the most reasonable high-latitude plasma
convections among the three-event simulations.

Figure 3a shows a snapshot of the simulated upper thermospheric wind pattern (≈280 km altitude) at 13:30 UT
derived from the TIEGCM+LFM run, together with the instantaneous ionospheric electric potential contours
indicating the E × B ion drift. Starting from 9:00 UT, the magnetosphere is driven by northward IMF com-
ponents with positive By , resulting sunward plasma convection above 75∘ latitude in the noon sector in
geographic coordinates. This dayside sunward plasma drift originates from magnetospheric lobe cells circu-
lating in the open flux tubes driven by positive IMF By . Influenced by the sunward ion drag that originated from
lobe cell convection, the dayside upper thermospheric wind above 70∘ latitude is equatorward at 13:30 UT, as
shown in Figure 3a. Note that according to the CMIT simulation, the HIWIND balloon was outside the lobe cell
during 12:00–17:00 UT, which may cause some of the difference between the model and observation results.

Figures 3b and 3c show the corresponding instantaneous neutral wind patterns and E × B ion drift contours
derived from the TIEGCM+Weimer and TIEGCM+Heelis runs, respectively. Compared with the LFM convection
pattern shown in Figure 3a, the Weimer model exhibits a similar round-shaped convection pattern with a pos-
sible lobe cell near the geographic pole. However, the intensity of the Weimer lobe cell convection is lower
than that in LFM. Moreover, the ion drift associated with the Weimer lobe cell convection in the noon sector
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Figure 4. (a) The average ionospheric potential (blue-red contours), field-aligned current (blue-red color) and
open-closed boundary (green contour) in the Northern Hemisphere derived from the CMIT simulation between 11:55
and 17:23 UT. The minimum/maximum potential values are indicated in the left bottom corner. (b) The summary of
DMSP F-16 ion drift observations between 11:55 and 17:23 UT, together with the simulated average ionospheric
potential from CMIT.

is zonal rather than sunward. Therefore, the ion drag associated with the “Weimer lobe cell” does not turn
the neutral winds from poleward to equatorward in the TIEGCM+Weimer run. No sunward lobe cell convec-
tion occurs in the polar cap throughout the TIEGCM+Heelis run; thus, poleward winds are predominantly in
the upper thermosphere on the dayside. Among the three high-latitude convection models, the LFM has the
largest electric potential (47 kV) compared to Weimer (33 kV) and Heelis (26 kV). Note that for By+ conditions,
statistical studies have shown that the cross-polar cap potential (CPCP) in LFM is about 15% greater than the
Weimer empirical model [Zhang et al., 2011]. This larger difference in the potentials between TIEGCM+LFM
and TIEGCM+Weimer is possibly a consequence of 15 min averaged SW/IMF parameters used in the Weimer
model, while the LFM CPCP is instantaneously determined by the dynamic coupling between the solar wind,
magnetosphere and ionosphere.

Figure 4a shows the spatial distributions of simulated average plasma convection and field-aligned current
between 11:55 and 17:23 UT in SM coordinates, together with the open-closed boundary derived from the
simulated average magnetic fields. The average IMF By is +3.2 nT and the average IMF Bz is +2.1 nT during
11:55–17:23 UT. The spatial extension of the average lobe cell convection is identified by the closed plasma
drift contours poleward of the open-closed boundary. In SM coordinates, the simulated lobe cell convection is
approximately centered at the magnetic pole in the Northern Hemisphere, with intense sunward plasma drift
on the duskside and antisunward plasma drift on the dawnside above 80∘ magnetic latitude. The structure
of the average lobe cell convection shown in Figure 4a is similar to those derived from global MHD simula-
tions driven by steady IMF By+ [e.g., Crooker et al., 1998]. Figure 4b shows the observed cross-track ion drift
from four Defense Meteorological Satellite Program (DMSP) F-16 passes between 11:55 and 17:23 UT. The
simulated average plasma convection shown in Figure 4a is replicated in Figure 4b for qualitative data-model
comparisons. Between 11:55 and 17:23 UT, the DMSP ion drift data suggests the existence of magnetospheric
lobe cell convection in the polar cap, with sunward plasma drift in the postnoon section and antisunward
plasma drift in the prenoon sector. The spatial distribution of the DMSP cross-track ion drift is in qualitative
agreement with the simulated ion drift contours in CMIT. This reasonable agreement between CMIT, DMSP,
and HIWIND suggests strong quiet-time momentum coupling between thermospheric neutral winds and
magnetospheric plasma circulations through the formation of lobe cells. Further studies are needed to under-
stand the dynamic response of upper thermosphere-ionosphere to magnetospheric lobe cell convection,
including but not limited to, ionospheric ion density, thermospheric neutral temperature, and mass density.

4. Summary and Conclusions

In this study we used the CMIT model to investigate a possible driver for the dayside equatorward ther-
mospheric wind at high latitudes observed during the HIWIND balloon experiment. The CMIT simulation
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suggests that magnetospheric lobe cell convection occurred during the time HIWIND balloon was airborne.
These lobe cells drove sunward plasma convection on the duskside of the polar region. As a consequence,
upper thermospheric winds responded to magnetospheric lobe cell convection through ion-neutral coupling.
Intermodel comparisons show that the dynamic, transient lobe cell phenomenon may not be sufficiently
resolved in empirical high-latitude drivings due to their statistical nature. The good agreement between
CMIT and HIWIND, EISCAT, DMSP observation suggests that magnetospheric lobe cell convection has signifi-
cant influence on the thermospheric wind dynamics at high latitudes during geomagnetically quiet periods
through ion-neutral coupling. The discrepancy between the HIWIND observation and CMIT simulation in the
morning sector suggests that other mechanism(s) such as cusp heating associated with small-scale physics
may also play an important role in regulating quiet-time thermospheric wind patters at high latitudes. Further
investigations are needed to identify the sources of magnetospheric mass, momentum, and energy inputs
during this time period.
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