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Abstract A new module, which includes both the turbulence electron heating and the electron-neutral
cooling rate correction associated with the Farley-Buneman onstability (FBI) in the National Center for
Atmospheric Research-Thermosphere Ionosphere Electrodynamics Global Circulation Model, enables us,
for the first time, to investigate the intimate coupling between polar turbulence electron heating and
thermosphere disturbances in the context of a first-principle, self-consistent model. Our simulation results
show that during geomagnetic storms, after taking the FBI effects into account, Joule heating is almost
doubled in the E region at these locations of strong convection electric field. This increases (~6%) the
phase speed of traveling atmosphere disturbances at around 400 km that are launched from both
hemispheres. Additional heating sources also directly produce a divergence in the zonal wind with
magnitudes of 20 m/s in the lower thermosphere. However, the FBI impact on the thermosphere at F
region altitudes is not so straightforward. E region anomalous electron heating in association with the
FBI can change the phase speeds and magnitudes of traveling atmosphere disturbances from high
latitudes in both hemispheres and consequently modify global neutral wind circulation at F region
altitudes. This, in turn, can affect the neutral temperature through adiabatic compressional heating and
expansive cooling by about 40 K. This study demonstrates how the ionosphere-thermosphere physical
processes across different temporal and spatial scales are tightly coupled together throughout the whole
upper atmosphere domain.

1. Introduction

During geomagnetic storms, strong electric fields mapping from the magnetosphere into the polar
ionosphere drive large differential motion between the electrons and ions in the E region, since electrons
are magnetized there and the ions are not. They can also excite the microscopic Farley-Buneman plasma
instability (FBI) (Buneman, 1963; Farley, 1963) when the differential ion-electron motion exceeds the ion
acoustic speed (~400 m/s). Turbulent electric fields in association with the FBI lead to strong anomalous
electron heating (AEH) in the polar region (e.g., Bahcivan, 2007; Liu et al., 2016; Oppenheim & Dimant,
2013; Providakes et al., 1988; Schlegel & St.-Maurice, 1981). E region electron density and temperature
enhancements and the resultant conductance changes caused by the FBI are significant, which has
important implications for the global coupled ionosphere-magnetosphere system. For example, Merkin
et al. (2005) showed that enhanced ionospheric conductance caused by AEH leads to decrease in cross-polar
cap potential and the strength of the high-latitude convection electric fields, affecting how much
energy and momentum get dissipated in the upper atmosphere. Thus, small-scale ionospheric FBI
has a strong influence in the coupled magnetosphere-ionosphere-thermosphere system (Dimant &
Oppenheim, 2011).

Strong AEH associated with the FBI is often observed by incoherent scatter radars (e.g., Bahcivan, 2007;
Foster & Erickson, 2000; Milikh et al., 2006; St.-Maurice & Laher, 1985). Observational evidence illustrates that
AEH typically takes place at altitudes of 105–125 km, and the induced electron temperature enhancements
about 400–4,000 K. In addition, modeling efforts have also been done to attempt to capture these observed
features. For instance, Zhang et al. (2004) used one-dimensional high-latitude ionosphere model to analyze
conductance changes caused by the FBI. Kinetic modeling efforts have been made by Dimant and Milikh
(2003) and Milikh and Dimant (2002, 2003) to simulate electron heating triggered by the FBI. Most recently,
Liu et al. (2016) incorporated AEH into the National Center for Atmospheric Research-Thermosphere
Ionosphere Electrodynamics General Circulation Model (NCAR-TIEGCM) and investigated the global thermo-
sphere and ionosphere response to the FBI. Using the simulation results from the Lyon-Fedder-Mobarry
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global magnetosphere model coupled with the Rice Convection Model of the inner magnetosphere,
Wiltberger et al. (2017) showed that this coupled model can better capture subauroral polarization streams
after taking FBI effects into account.

Storm-time energy input can modify meridional circulation and excite atmospheric gravity waves. In
general, a long-duration energy injection is more effective in generating a meridional circulation, whereas
an impulsive energy deposition preferentially generates gravity waves (Fujiwara et al., 1996). Traveling
atmosphere disturbances (TADs) are thermospheric manifestations of gravity waves, which originate as a
result of strong storm-time Joule heating (Forbes et al., 2005; Richmond, 1978), lower atmosphere
processes (Liu et al., 2014; Vadas & Crowley, 2010), and the sunset terminator (Beer, 1973). TADs can be
classified as large-scale and medium-scale in light of their wave velocity and period. Large-scale TADs
typically oscillate with periods of 30 min to 3 hr, travel with velocities of 400–1,000 m/s, and have horizon-
tal wavelengths greater than 1,000 km. Medium-scale TADs have periods in the range of 15–60 min,
horizontal velocities of 100–300 m/s, and horizontal wavelengths of several hundred kilometers (Hocke &
Schlegel, 1996). TADs have their ionosphere counterpart called traveling ionosphere disturbances, which
are often observed by dense Global Positioning System network observations of total electron content
(e.g., Ding et al., 2007; Tsugawa et al., 2004), 630 nm airglow images (e.g., Shiokawa et al., 2003),
high-frequency radars (e.g., Bristow et al., 1994; Samson et al., 1990), and incoherent scatter radars (e.g.,
Nicolls & Heinselman, 2007).

Auroral particle precipitation can change electron density and conductance, leading to corresponding
changes in the electric field and electrojet current density in the polar ionosphere. TADs may be triggered
either by perturbations of auroral electrojets or a heat input due to energetic particle precipitation or Joule
heating (Hunsucker, 1982; Richmond, 1978). Auroral electrojet affects the neutral atmosphere through the
Lorentz force that is imposed on ionized species but is transferred to the neutral particle through ion-neutral
collision and Joule heating. The amount of gravity wave energy generated depends on the square of either
the heat input or the momentum input of the source.

A question arises naturally here: does the additional AEH in association with the FBI affect the mean flow
and TADs and, if so, how? How is the ionosphere-thermosphere system coupled in terms of FBI processes?
Understanding FBI and AEH effects on the background thermosphere state and TADs contributes to the
effort of addressing some of the outstanding issues of TADs, such as their sources and propagation proper-
ties. Addressing these issues also has important implications for cross-scale coupling processes between
small-scale ionosphere electrojet instabilities and large-scale thermosphere disturbances. We will use a
first-principle, upper atmosphere model (the NCAR-TIEGCM) to investigate to what extent the thermosphere
changes are caused by the FBI.

2. Model Introduction

The NCAR-TIEGCM is a three-dimensional, time-dependent, fully coupled ionosphere and thermosphere
model covering from ~100 to 500 km with a horizontal resolution of 2.5° and vertical resolution of a
quarter of a scale height (Richmond et al., 1992; Roble et al., 1988). Inputs into the NCAR-TIEGCM in
this study include high-latitude ionospheric convection electric fields (Weimer, 2005) and auroral
precipitation (Roble & Ridley, 1987). For this study, idealized solar wind conditions are typical of an intense
geomagnetic storm driven by an interplanetary coronal mass ejection, when the FBI and AEH tend to
occur. Specifically, an ideal solar wind condition of constant interplanetary magnetic field (IMF) Bz
(�20 nT), IMF By (0 nT), and solar wind velocity (1,000 km/s) are used to drive TIEGCM for September
equinox and medium solar activity conditions (F10.7 = 120). The model output is produced with a
10 min resolution.

To account for FBI effects, a turbulent electron heating term and a temperature dependent multiplier for
the electron-neutral cooling rate have been added in the NCAR-TIEGCM. We parameterized the turbulence
heating effects of Farley-Buneman turbulence (Dimant & Milikh, 2003; Dimant & Oppenheim, 2011) in
the electron energy equation of the TIEGCM (Liu et al., 2016). This turbulence heating only occurs
when electric fields exceed certain threshold and below the ion magnetization boundary where the ion
gyrofrequency equals to the ion-neutral collision frequency. Please refer to Liu et al. (2016) for a
detailed description.
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3. Results and Analysis

Figure 1 illustrates (a) regular electron Ohmic energy deposition rate (in units of J m�3 s�1), (b) anomalous
electron energy deposition rate (in units of J m�3 s�1), and Joule heating rates (in units of erg s�1 g�1) (c)
without and (in units of erg s�1 g�1) (d) with AEH effects in the Northern Hemisphere at 0300UT at the
�4.375 pressure level (~112 km). The regular electron Ohmic energy deposition and anomalous electron
energy deposition rates are specified in Liu et al. (2016). Both regular electron Ohmic energy deposition
and anomalous electron energy deposition rates maximize in the predawn sector (0200–0500 local time
[LT]) in the auroral oval. The anomalous electron energy deposition rate is generally larger than regular elec-
tron Ohmic energy deposition rate at this pressure level. Joule heating (Figures 1c and 1d) also peaks in the
same place as the AEH and has two additional peaks in the early midnight sector and afternoon sector,
respectively. A comparison between Figures 1c and 1d shows that Joule heating is enhanced by the AEH
in the E region, with the peak value increasing from 3.2 × 105 to 6.8 × 105 erg s�1 g�1, by about a factor of 2.

It is shown in Figure 1 that the two energy dissipation sources are strong at around 0400 LT in the Northern
Hemisphere. Figure 2 shows a latitudinal-altitudinal cross section of (a) regular electron Ohmic heating, (b)
AEH, Joule heating (c) without and (d) with AEH effects at 0400 LT and 0300 UT. It is apparent that two added
heating sources mainly occur at high latitudes within the altitude range of between 101 and 116 km and cen-
tered at around 110 km. It should bementioned here that Joule heating per unit mass is used throughout this
paper, but not per unit volume since Joule heating per unit mass has the more direct association with ther-
mosphere temperature (Jee et al., 2008). That is why Joule heating is more extended in altitude and has two
peaks in the altitudinal direction. However, Joule heating per volume typically maximizes in the E region and
decrease with altitude.

As shown in Figure 1, Joule heating is stronger in the E region after including AEH effects, leading to changes
in pressure gradients. This feedback effect on the neutral winds is evidenced in Figure 3. Figure 3 shows (a–c)
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Figure 1. Polar views of (a) regular electron Ohmic energy deposition, (b) anomalous electron energy deposition, and
Joule heating (c) without and (d) with anomalous electron heating effects in the Northern Hemisphere at 0300 UT at the
�4.375 pressure level (~112 km). The perimeter latitude is 30°.
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zonal winds (Un) and (d–f) meridional winds (Vn) in geographic coordinates from TIEGCM simulations with or
without the AEH at 0300 UT on the �4.375 pressure level (~112 km). Un and Vn differences between these
two simulations (with-without AEH) are shown in Figures 3c and 3f, respectively. In the E region, ion drag,
pressure gradient, viscous, and the Coriolis forces determine the neutral wind motion (e.g., Killeen & Roble,
1984; Wang et al., 2008). During storm conditions, in the E region, polar neutral wind pattern shows a
great similarity to the ion convection pattern due to frequent ion-neutral collisions (e.g., Richmond et al.,
2003). This is an evidence that zonal winds follow the zonal drifts of the two-cell ion convection, but the
zonal wind patterns are distorted a little bit with respect to those of the ions. Meridional winds blow
primarily from just before dusk to just before dawn and do not follow the noon-midnight line, suggesting
that the ions driving the neutrals are the predominant cause of the antisunward winds across the polar cap.

AEH effects on the neutral wind are revealed in Figures 3c and 3f caused by the changes in pressure gradient
force. For instance, postmidnight sector equatorward neutral wind in Figure 3f is enhanced by ~50 m/s in
the equatorward edge of the location of AEH as shown in Figure 1b. The added AEH also produces a diver-
gence in the zonal winds (Figure 3c) at around midnight within the latitude range between 50° and 70°
geographic latitudes.

Figure 3 shows that at E region altitudes, neutral winds are significantly changed on the nightside. How does
the thermosphere respond to AEH? Figure 4 gives an altitude versus geographic latitude view of the absolute
difference in (a) neutral temperature (Tn), (b) vertical wind (Wn, positive upward), (c) zonal wind (Un, positive
eastward), and (d) meridional wind (Vn, positive northward,) between the two cases: one with and one with-
out AEH (with-without AEH) at 0300 UT and 0400 LT. Two regions of Tn enhancements are observed at 30°
and �20° geographic latitudes, which are accompanied by a more downward tendency of vertical winds
(Figure 4c). AEH may lead to about 20 K Tn enhancement at 101–120 km, while upper thermosphere Tn
enhancements maximize at around 30° and �20° geographic latitudes and are sounded by Tn depletions.
These temperature enhancements, which are seen some 3 hr after the onset of the storm (Figure 5), may
be caused by the increased convergence of meridional winds that occur during the storm time in this region.
This convergence is associated with stronger downward winds and compressional heating. The upper

Figure 2. Altitude versus geographic latitude distribution of (a) regular electron Ohmic heating, (b) anomalous electron
heating, and Joule heating (c) without and (d) with anomalous electron heating effects at 0400 local time and 0300 UT.
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thermosphere undergoes upward/downward motion with magnitudes of ~15 m/s in accompaniment with
this heating/cooling. These thermospheric changes show no obvious altitudinal dependence above ~200 km.

In order to better understand the cause of the strong thermosphere response, Figure 5 illustrates the global
view of the absolute differences in (a) neutral temperature (Tn), (b) vertical wind (Wn), (c) zonal wind (Un), and

Figure 3. Polar view of (a–c) zonal wind (Un) and (d–f) meridional winds (Vn) in geographic coordinates from TIEGCM
simulations with or without AEH at 0300 UT at the �4.375 pressure level (~112 km). Un and Vn differences of these two
simulations are shown in Figures 3c and 3f, respectively. Eastward is positive for zonal wind, and northward is positive for
meridional wind.
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Figure 4. Altitude versus geographic latitude view of absolute difference in (a) neutral temperature (Tn), (b) vertical wind
(Wn), (c) zonal wind (Un), and (d) meridional wind (Vn) between with and without AEH at 0300 UT and 0400 LT.

Figure 5. Absolute difference in (a) neutral temperature (Tn), (b) vertical wind (Wn), (c) zonal wind (Un), and (d) meridional
wind (Vn) between with and without AEH effects on the pressure level 4.125 (~410 km) at the 0300 UT.
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(d) meridional wind (Vn) between with and without AEH effects on the pressure level of 4.125 (~410 km) at
0300 UT. The storm commenced at 0000 UT. Two wave-like structures can be easily identified: one in the
Northern Hemisphere and another in the Southern Hemisphere. Both of them widely extend in the
longitudinal direction and they show hemispheric asymmetry with a wider extent in the northern one.

Now it would be beneficial to examine how the TAD evolves with time in these two cases. Figure 6 shows
snapshots of meridional winds at different UTs on pressure level 4.125 (~410 km). The top and middle panels
are the meridional winds with and without AEH effects, respectively. Their differences (with-without) are
given in the bottom panel. It is evident that TADs launched from both hemispheres and that they are stronger
on the nightside. At 0200 UT, two TADs met over the geographic equator. The TAD structure propagates
toward the equator as a band that extended widely in longitude. The TAD launched from the northern
hemisphere is more extended in the longitudinal direction than the southern one. The northern TAD covers
almost two thirds of the globe, whereas the southern TAD covers about 120° in longitude. Based on the last
panels, we can see that the TAD phase and speed are changed by the AEH heating, which is more noticeable
at night. As shown in bottom panels, the northward TAD originating from the SH becomes more northward,
and the southward TAD generated in the NH becomes more southward, implying that the additional AEH in

Figure 6. A snapshot of meridional winds at different UTs on the pressure level 4.125 (~410 km). The top and middle panels are the meridional winds with and with-
out AEH effects, respectively. Their differences are in the bottom panel.
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the polar region speeds up the phase speed of the TADs. The velocity difference in the meridional direction
reaches ~50 m/s.

Figure 7 further shows the meridional winds at fixed LTs on pressure level 4.125 (~410 km). The top and mid-
dle panels are the meridional winds, at different universal times, with and without AEH, respectively. Their
differences are shown in the bottom panels. The meridional winds have a clear dependence on LT. The night-
time (0400 and 2000 LT) mean flows are equatorward in both hemispheres, whereas they are generally pole-
ward on the dayside (1000 and 1600 LT).

At 0400 LT, the Northern Hemisphere TAD shown in Figure 7 (bottom left) originates from around 60°N and
reaches 70°S where it encounters a northward propagating neutral flow. It takes about 5 hr for the TAD to
propagate from 60°N to 70°S, indicating a phase speed of ~790m/s, which is close to previous studies based
on satellite observations or numerical simulations (e.g., Forbes et al., 2005; Lu et al., 2014). At 1000 LT, TADs
emerge at middle latitudes and can still reach to the poles. However, the TAD is very weak at 1600 LT.

The TAD phase speed is correlated with the local sound speed, which relies on background neutral density
and temperature. The TAD phase speed is found to be relatively higher on the nightside than on the dayside
(e.g., Bruinsma & Forbes, 2009; Sutton et al., 2005). Bruinsma and Forbes (2009) reported a 10% higher phase
speed on the nightside than on the dayside inferred from CHAMP satellite observed 21 large-scale TADs.
Phase speed difference between with and without AEH cases is about 50 m/s, which is about 6.25% of the
original TAD phase velocity.

4. Discussion

Our simulation of the thermosphere response to the FBI presents a number of interesting features. The
added heat sources operate primarily between 100 and 130 km altitude and are greater in the

Figure 7. Meridional wind variability at fixed local times on the pressure level 4.125 (~410 km). The top andmiddle panels are themeridional winds with and without
AEH effects, respectively. Their differences are in the bottom panel.
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postmidnight sector in the TIEGCM. Intense electron heating reduces the plasma recombination rate,
which, in turn, leads to a large local increase in the E region plasma density. Therefore, both electron
density and neutral-plasma collision rates are increased, which, in turn, produce more Joule heating in
the E region. The induced Joule heating rate is almost doubled in the E region but did not change much
in the F region.

At ionosphere E region altitudes, the thermosphere mean flow is also disturbed by the pressure gradient
force change that occurred in association with AEH. The AEH also changed the TAD phase velocity. Two main
mechanisms have been invoked to explain the creation of auroral-induced TADs: Joule heating and the
Lorentz force. As shown in Figure 1, Joule heating is doubled at these altitudes. As a consequence, it is not
surprising to see the TAD changes.

At ionosphere F region altitudes, neutral winds were modifiedmainly as a result of property changes of TADs.
Small changes in the phase and speed have appreciable effects on the region where two TADs collide. An
essential feature of TADs is that they carry an equatorward neutral wind. The encounter of the two TADs
causes a compressional heating/expansive cooling, convergence/divergence, resulting in heating/cooling.
The upward motion could be related to either increasing temperature causes atmospheric expansion (baro-
metric motion) or vertical neutral winds. The temperature effect is to expand the atmosphere constant-
pressure surface, while vertical neutral winds is a consequence of horizontal wind divergence to conserve
the neutral mass. The vertical winds are not only important for the energy and heat redistribution but also
for changes in thermospheric composition and in ionospheric electron density.

Nighttime TADs are generated in each hemisphere, meet at the equator, and propagate into the other hemi-
sphere without too much attenuation. Daytime TADs are either heavily dissipated or barely visible. Similarly,
the phenomenon has also been reported in previous studies (e.g., Bruinsma & Forbes, 2009; Forbes et al.,
2005; Lu et al., 2014; Sutton et al., 2005). TADs are dissipated through viscosity, heat conduction, and ion drag.
This day-night difference could be related to different ion drag between day and night since electron density
is higher at daytime than nighttime, which will dissipate TAD to a greater extent. The day-night temperature
is also very different so that the downward heat conduction is much less at night. In addition, the equatorial
propagation of nighttime density disturbances is also facilitated by the predominant equatorward mean flow
in both hemispheres due to the fact that the diurnal tides are driven by in situ EUV heating (Balthazor &
Moffett, 1999; Sutton et al., 2005). TAD phase speeds increase (decrease) if the TAD propagates in the same
(opposite) direction as the background winds.

The AEH effects on TADs are primarily via the increase of Pedersen conductivity, leading to enhanced Joule
heating dissipation (Liu et al., 2016). Ion drag is also strengthened. These two processes, through dynamic
and energetic coupling, change background thermospheric conditions and thus TAD characters. More impor-
tantly, as illustrated in Figure 1, Joule heating is strongly enhanced in the auroral region. Apparently, it is the
larger Joule heating near the source region that increases the phase speed of TADs. Enhanced Joule heating
at high latitudes increases neutral temperature and thus results in an enhanced equatorward pressure gradi-
ent, which is more appreciable at night, as shown in Figure 1. Pressure gradient force changes, as well as
changes in ion drag, can either accelerate or decelerate TADs depending on their directions relative to the
propagation direction of TADs. If they are in the same direction, TADs will be accelerated; otherwise, TADs
get decelerated. The auroral-related equatorward TADs and pressure gradient forcing are both equatorward
and thus TADs are accelerated.

5. Conclusions

Polar turbulence heating effects on the thermosphere have been investigated by incorporating a turbulence-
heating module in the TIEGCMmodel. The addition of extra turbulence heating alters TAD properties includ-
ing enhanced TAD phase speeds. This enhancement is particularly strong at night. Our simulation results also
show that this heating has appreciable effects on E region Joule heating, neutral winds, and temperatures.
During geomagnetic storms, where there are strong convection electric fields, E region peak Joule heating
is almost doubled from an initial peak value ~2.5 × 105 to ~5 × 105 erg s�1 g�1. This produces a divergence
in zonal wind with magnitudes of about 20 m/s and increases equatorward neutral wind by about 50 m/s at E
region altitudes. Away from these regions of strong Joule heating, the upper thermosphere is heated by
about 40 K in the region where poleward TADs from the opposite hemisphere meet equatorward mean
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flow; the resulting convergence produces an enhanced downward wind of 15 m/s and hence enhanced
compressional heating.

This study shed light on how small-scale ionosphere turbulence affects the global ionosphere-thermosphere
coupled system. Storm-time, large, magnetospheric-imposed electric fields trigger ionosphere instabilities,
which heat the ionosphere E region plasma. This leads to large enchantments in electron density and tem-
perature and in Joule heating. The increase in Joule heating speeds up TADs that are launched from polar
regions by about 6% at 400 km. Given the altitudinal dependence of chemical production or recombination,
phase speed changes can also feed back into ionosphere F region electron densities by moving plasma
upward or downward along the magnetic field line. In future work, it will be beneficial to consider these tur-
bulence effects in the context of magnetosphere-ionosphere-thermosphere coupled system by using the
Coupled Magnetosphere-Ionosphere-Thermosphere Model (Wang et al., 2004; Wiltberger et al., 2004).
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In the originally published version of this article, Figure 1 was published in error. It has been replaced with
the correct Figure 1. No change is required in the caption, and the present version may be considered the
authoritative version of record.
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