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Abstract The effect of electromagnetic variability on cusp-region ionosphere-thermosphere heating is
examined. The study is motivated by observed correlations between anomalous thermospheric density
enhancements at F region altitudes and small-scale field-aligned currents, previously interpreted as evidence
of ionospheric Alfvén resonator modes. Height-integrated and height-dependent heating rates for Alfvén
waves incident from the magnetosphere at frequencies from 0.05 to 2 Hz and perpendicular wavelengths
from 0.5 to 20 km have been calculated. The velocity well in Alfvén speed surrounding the F region plasma
density maximum facilitates energy deposition by slowing, trapping, and intensifying resonant waves. The
Alfvénic Joule heating rate maximizes at the resulting resonances. F region Joule heating resulting from
quasistatic and Alfvénic variability with the same root-mean-square amplitude in the F region are shown to
be comparable. At the same time, Alfvénic variability deposits little electromagnetic power in the E region,
whereas quasistatic variability greatly enhances E region heating. When measured electric and magnetic
fields are used to constrain the amplitude and spectral content of superposed Alfvén waves incident from the
magnetosphere, the calculated F region heating rate ranges from 5 to 10 nW/m3.

1. Introduction

Air density anomalies were recorded by the CHAMP satellite at altitudes near 400 km during 40% of its tra-
versals through the high-latitude, dayside thermosphere (Kervalishvili & Lühr, 2014). The measured air den-
sity is considered anomalous because it exceeds the predictions of the MSIS (mass spectrometer and
incoherent scatter) empirical atmosphere model by 20% or more. Empirical atmospheric models are used
to predict satellite drag and position in low-Earth orbit, so the occurrence of such anomalies can be a signifi-
cant source of error in satellite orbit determination.

The locations of the high-latitude density anomalies are approximately fixed with respect to the geomagnetic
pole, and their occurrence and location are thought to be controlled by the geomagnetic field (Liu et al.,
2005). The anomalous density increases and moves to lower geomagnetic latitude with increasing geomag-
netic activity, while retaining its basic structure (Rentz & Lühr, 2008). A premidnight anomaly also appears
with increasing geomagnetic activity.

The dayside and premidnight anomalies occur near the statistical locations of the dayside (cusp) and night-
side convection throats, which are known to map to magnetic reconnection sites at the magnetopause and
in the magnetotail, respectively. Soft electron precipitation with suprathermal energies on the order of
100 eV is prevalent in the convection throats. This type of precipitation is due to direct entry of magne-
tosheath electrons in the cusp region and from electrons of ionospheric origin that are energized at inter-
mediate altitudes by wave-particle interactions with dispersive Alfvén waves (called broadband
precipitation). Soft electron precipitation heats the F region ionosphere and is a likely source of the observed
correlation of the anomalous air density with elevated electron temperature (Kervalishvili & Lühr, 2014).

In addition to the observed correlation between electron temperature enhancements and air density
enhancements, intense, small-scale magnetic fluctuations are also commonly associated with the anomalies
(Kervalishvili & Lühr, 2013). The electric current densities inferred from the magnetic perturbations are
intense and may exceed 1 mA/m2 (Rother et al., 2007). However, the single point measurements of the
CHAMP satellite do not actually differentiate the spatial versus temporal character of the electrical currents
that produce the magnetic fluctuations nor the absolute amplitude of the currents as a function of their per-
pendicular (to the ambient magnetic field) length scale. The analysis of these fluctuations uses the method of
Lühr et al. (1996, 2004), which assumes that they are spatial on the time scale for the satellite to traverse them.
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This interpretation is valid when the wave frequency in the plasma rest frame is much less than the Doppler
frequency due to spacecraft motion across the horizontal spatial structure. The measured variability may be
further interpreted as quasistatic, or effectively independent of time, when the time variation (inverse wave
frequency in plasma rest frame) is much slower than the transit time of an Alfvén wave between the iono-
sphere and the high-altitude dynamo sustaining the variability. The quasistatic assumption is often invoked
to perform equipotential mapping of electric fields along the geomagnetic field. As will be shown here, the
intrinsic time variation of nonequipotential electric and magnetic fields is likely to be important in
ionosphere-thermosphere (IT) heating at the altitudes of CHAMP measurements.

To assess a possible connection between fluctuating fields and air density anomalies, Brinkman et al. (2016)
calculated Joule heating rates when a static, zero-mean, root-mean-square (rms or square root of the mean
square) electric field is superposed on a static, uniform (dc) electric field. Their treatment was motivated in
part by an accumulating body of work indicating that the contribution of electric field fluctuations to the
Joule heating of the thermosphere can dominate Joule heating from large-scale convection (e.g., Codrescu
et al., 1995; Matsuo & Richmond, 2008). Since both the dc and fluctuating components of the electric field
are treated as quasistatic by Brinkman et al., the heating rate in the E region is very large in their calculation.
F region heating, while an order of magnitude smaller, is sufficient to produce model anomalies with charac-
teristics resembling observed anomalies when the F region Pedersen conductivity is simultaneously
enhanced by soft electron precipitation. This behavior also occurs in global simulations of the
magnetosphere-IT interaction (Zhang et al., 2012; Zhang, Varney, et al., 2015) and in regional simulations
of the IT interaction (Deng et al., 2013). IT simulations without enhanced soft electron precipitation produce
cusp-region air density anomalies when the geocentric solar equatorial y component of the interplanetary
magnetic field is very intense (Crowley et al., 2010). In analyzing the frequency dependence of the
Pedersen conductivity, Verkhoglyadova et al. (2018) found that relatively high-frequency (5 Hz) Alfvén waves
can enhance stormtime energy deposition in the E and bottomside F region at high latitudes, up to 30% over
that deduced from static electric fields. All of these studies consider relatively strong interplanetary driving
and/or relatively intense precipitation.

What produces large density anomalies when ambient conditions or interplanetary driving are not excep-
tional? Vertical friction between the neutral gas and ion upflows induced by direct electron heating from pre-
cipitating electrons produces only a small increase (1%) in the thermospheric density at CHAMP satellite
altitudes (Sadler et al., 2012). In treating an idealized initial-boundary value problem, Tu et al. (2011) found
that strong E region heating is accompanied by a transient peak in the heating rate at F region altitudes when
convection is suddenly switched-on at 1,000-km altitude. The sudden change evidently stimulates
dissipating Alfvén waves that bounce between the highly conducting E layer and their reflecting, convection
boundary condition imposed at 1,000 km.

Observations from the Polar (Keiling et al., 2003) and FAST (Chaston et al., 2003, 2007; Hatch et al., 2017)
satellites show that magnetic variability associated with intense Alfvén-wave Poynting fluxes flowing into
the ionosphere are commonly observed in the statistical locations of the thermospheric density anomalies
and associated bursts of small-scale field-aligned current. In fact, the previously mentioned soft electron pre-
cipitation induced by wave-particle interactions is expected in regions of Alfvénic activity (Zhang, Lotko, et al.,
2015). The spectral characteristics of the kilometer-scale field-aligned currents measured by CHAMP (Rother
et al., 2007) also suggest that the large-amplitudes of the small-scale currents may be due to trapping and
resonant pumping of Alfvén waves in the so-called ionospheric Alfvén resonator (IAR; Trakhtengerts &
Feldstein, 1984). Ishii et al. (1992) identified Alfvén wave variations in DE-2 satellite measurements of electric
and magnetic fields at altitudes of ≈300 km where thermospheric anomalies appear in CHAMP and Streak
satellite data (Clemmons et al., 2008) data. The Alfvénic character in the DE-2 measurements was prominent
at frequencies greater than about 0.25 Hz, corresponding to perpendicular wavelengths less than about
32 km if the time variation is interpreted entirely as a Doppler shift of the satellite moving through
spatial structure.

This paper reports a newmode of IT heating due to Alfvén-wave energy deposition. The mathematical model
of Lysak (1999) for Alfvén-wave propagation in a continuously stratified ionosphere is adapted for this pur-
pose. In contrast with Lysak’s numerical calculations, which considered large perpendicular wavelengths
(~100 km or greater), we use the model to examine heating at perpendicular wavelengths of 20 km or
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less. Coupling between the shear Alfvén and compressional magnetohydrodynamic waves is negligible at
these scales, and dissipation due to the finite parallel conductivity of the ionosphere can be important.
The dissipation of electromagnetic power in the ionosphere for a time-dependent, periodic driver launching
Alfvén waves from high altitude is considered. The driver frequency and wavelength are swept through the
relevant range of interest. Ionospheric Alfvén resonator modes are excited in the F region ionosphere, but
these are driven modes rather feedback unstable modes (Lysak, 1991; Trakhtengerts & Feldstein, 1991),
which occur in regions of low ionospheric conductivity, in contrast with the high-conductivity, dayside iono-
sphere treated in this paper. Our results are consistent with the model calculations of Lessard and Knudsen
(2001), who focused on the reflection of Alfvén waves incident on an inhomogeneous ionosphere, in a
frequency-wavelength regime similar to the one considered here, and with recent multispacecraft correlation
analyses showing that field-aligned current fluctuations at transverse length scales less than about 10 km
with periods less than about 10 s are most likely Alfvénic (Gjerloev et al., 2011; Lühr et al., 2015; Miles et al.,
2018; Pakhotin et al., 2018).

The mathematical model, its numerical implementation, and the height profiles of wave speed and
Pedersen and parallel conductivities required to evaluate IT heating throughout the ionosphere are first
described (section 2). A survey of the height-integrated volumetric heating rates as a function of wave
frequency and perpendicular wavelength is presented along with heating rates versus altitude (section 3).
A time series analysis of superposed Alfvén waves over the range of considered frequencies and
perpendicular wavelengths is performed (section 4), with heating rates calculated and compared with those
derived from quasistatic electric field variability. We conclude with a discussion of the potential importance of
Alfvén wave heating of the ionosphere and thermosphere in interpreting CHAMP thermospheric
density anomalies.

2. Methods
2.1. Shear Alfvén Wave Propagation Model

The model to be used here describes Alfvén-wave propagation through a continuously stratified ionosphere
from altitudes above 90 km and up to the ion baropause (≈2,000-km altitude). The model is based on the lin-
earized (small-wave amplitude), cold two-fluid equations for a collisional, magnetized plasma (Lysak, 1999)
under the assumption that the angular wave frequency ω is much less than the gyrofrequency (Ωs) of ion
species s, specifically, ω2 ≪ Ωs

2 and ωνs ≪ Ωs
2, where νs is the collision frequency of ion species s.

In this paper, we focus on the absorption of Alfvén-wave power by the collisional ionosphere and thermo-
sphere and ignore the effects of collisionless wave-particle interactions leading to transverse ion acceleration
and electron parallel acceleration. Neglecting such effects requires the wavelength perpendicular to the back-
ground magnetic field (λ⊥) to be much larger than the ion gyroradius vs/Ωs (vs is the velocity of species s) and
the electron inertial length λe ≡ (me/μ0e

2ne)
1/2 given in terms of the electron mass me and charge e, plasma

density ne, and permeability of free space μ0. The gyroradius of O
+ ions in the tail of the ion velocity distribu-

tion (at say 10 eV) is less than 58 m in the cusp region (≈75° magnetic latitude) at all altitudes below 2,000 km.
The plasma density is typically 104/cm3 or greater in this region during the summer (Kitamura et al., 2009), so
the electron inertial length is 53 m or smaller. The condition to neglect electron inertial effects leading to an
Alfvén wave parallel electric field is (2πλe/λ⊥)

2 ≪ 1 or λ⊥
2 ≫ 0.1 km2. We limit the analysis to λ⊥ > 0.5 km.

Following Lysak (1999), let Q = ∇⊥ · E⊥ and M ¼ ∇⊥�E⊥ð Þ·bz represent the rotational and solenoidal compo-
nents of the wave electric field, respectively; J ¼ ∇⊥�B⊥ð Þ·bz is the wave field-aligned current times μ0, and
Bz is the compressional component of the wave magnetic field. Here E⊥ and B⊥ are the vector components
of the wave electric and magnetic field perpendicular to the geomagnetic field, taken to be vertical with bz
pointing upward. With these variables, Lysak’s equations for propagation of the coupled shear and compres-
sional Alfvén waves in the ionosphere are

∂
∂t

þ σP
ε

� �
Q ¼ �V2 ∂J

∂z
∓
σH
ε
M; (1)

∂
∂t

þ σP
ε

� �
M ¼ �V2∇2Bz∓

σH
ε
Q; (2)
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∂J
∂t

¼ � ∂Q
∂z

þ η∥∇
2
⊥J; (3)

∂Bz
∂t

¼ �M: (4)

Parameters appearing in (1)–(4) include the magnetic diffusivity, η|| = 1/μ0σ0, the Pedersen, Hall, and parallel
conductivities

σP ¼ ∑s
nsq2s
ms

νs
ν2s þΩ2

s

; (5)

σH ¼ �∑s
nsq2s
ms

Ωs

ν2s þΩ2
s

; (6)

σ0 ¼ nee
2 1

meνe
þ ∑s

1
msνs

� �
; (7)

the dielectric constant

ε ¼ ε0 1þ ∑s
ω2
ps

ν2s þΩ2
s

 !
; (8)

and the wave speed V = c(ε0/ε)
1/2 in terms of the speed of light in vacuum (c) and the permittivity of free

space (ε0). In (5)–(8), ns, qs, ms, and ωps are, respectively, the number density, charge, the mass, and plasma
frequency of species s.

We treat the dependent variables in (1)–(4) as periodic in the vector spatial variable x⊥ perpendicular to the
geomagnetic field, idealized as straight and uniform (more about this treatment in section 2.3). We will solve

for the Fourier amplitudes eF k⊥; z; tð Þ such that F(x⊥,z,t) = ∑k⊥eF k⊥; z; tð Þ cos k⊥·x⊥ þ ϕkð Þ, where F is any of Q,M,
J, or Bz and ϕk is the phase of the kth mode. With this representation, the operator ∇⊥2 in (2) and (3) can be
replaced by �k⊥

2.

If we also let ∂/∂t→ iω, it may be shown that the shear mode variables (Q and J) decouple from the compres-
sional mode variables (M and Bz) when

k2⊥≫μ0ωσ
2
H=σP: (9)

In this case the last term in (1) may be neglected. Equations (1) and (3) alone are then sufficient to solve for Q
and J.

For frequencies f< 2 Hz, with σP ≈ 0.2 mS, σH ≈ 0.5 mS, inequality (9) is satisfied when 2π/k⊥ of order 20 km or
smaller. We consider this limit and solve a simplified version of (1) and (3) as

∂
∂t

þ σP
ε

� �eQ ¼ �V2 ∂eJ
∂z

; (10)

∂eJ
∂t

¼ � ∂eQ
∂z

� k2⊥η∥eJ: (11)

We now assume 2-D sheet geometry with spatial variation in x and z only, so that Q = ∂Ex/∂x and J = ∂By/∂x. In
the Fourier domain, k⊥ = kbxwith k = 2π/λ⊥; λ⊥ is the wavelength in x. In (10) and (11), eQ = ikeEx and eJ = ikeBy. We

may now trade the variables eQ and eJ for the sheet electric and magnetic field variables eEx andeBy (or Ex and By
in the spatial domain). The wave magnetic field is explicitly divergence-free in this two-dimensional
geometry.

2.2. Numerical Implementation

Equations (10) and (11) have the form of a dissipative, one-dimensional wave equation with spatially varying
coefficients. The Christ et al. (2002) formulation of the well-known FDTD method for solving electromagnetic
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wave equations is used here. We have solved equations (1)–(6) of Christ et al. (2002) numerically on a uniform
grid of cell size Δz and time step Δt. Their update coefficients (3)–(6) in terms of our parameters are

cai ¼ 2εi � σPiΔt
2εi þ σPiΔt

; cbi ¼ �Δt
Δz

2=μ0

2εi þ σPiΔt
;

dai ¼
2� k2i η∥iΔt

2þ k2i η∥iΔt
; dbi ¼ �Δt

Δz
2

2þ k2i η∥iΔt
:

(12)

Our implementation calculates the magnetic flux density B rather than the magnetic intensity H as in Christ
et al. Subscript i indicates the parameter value in the ith cell. (The wavenumber ki in the ith cell is defined in
section 2.3.) The so-called Mur absorbing boundary conditions (Mur, 1981) are implemented so that the wave
is transmitted without reflection at the boundaries. With definitions (12) and the Mur boundary conditions,
numerical solution of equations (1) and (2) of Christ et al. is very straightforward.

The numerical domain extends from the surface of the Earth to 5,000-km altitude. The domain between
2,000- to 5,000-km altitude is a buffer region where the wave speed and Pedersen conductivity are uniform,
and the coefficients (12) in the FDTD solver are constant. The wave driver described below is located in the
buffer region at 4,500-km altitude, and power reflected by the stratified collisional ionosphere below is mon-
itored above the driver at 4,750-km altitude. We verify that only upgoing power flows between the driver and
the top boundary and that no power is reflected downward at the top boundary. The cell size Δz = 2 km. The
time step Δt = Δz/max(V). V is the nonuniform wave speed given in section 2.1.

The system is driven periodically in time with frequency f = ω/2π at cell 2250 corresponding to zd = 4,500-km
altitude. The fixed amplitude electric and magnetic fields at the location of the driver at time step tn have
the form

Ex zd; t
nð Þ ¼ Ex zd; t

n�1
� �þ E0 V zdð ÞΔt=Δzð Þ sin ωtnð Þ;

By zd; tnð Þ ¼ By zd; tn�1ð Þ � E0 Δt=Δzð Þ sin ωtnð Þ: (13)

This specification stimulates only a downward propagating Alfvén wave (180° phase difference when spatial
variable z increases with altitude and background magnetic field points downward). The driver amplitude E0
is adjustable and may be constrained by measurements for events of interest (section 4). The other factors
multiplying the sinusoid ensure that the amplitude of the downward propagating wave stimulated at
4,500-km altitude is the same at each time step. An upward propagating wave is stimulated when the down-
ward propagating wave is reflected (or partially reflected) by the inhomogeneous ionosphere below. Energy
conservation requires the sum of the power dissipated in the collisional ionosphere, the reflected power
monitored at an altitude above the driver, and the power transmitted through the ionosphere be equal to
the power supplied by the driver: E0

2/μ0V(zd). The transmitted power is negligible for the profiles of back-
ground parameters described in the next section. We have verified that the error in energy conservation is
<1% when the transmitted power is neglected.

When the stimulated wave interacts with the dissipative, inhomogeneous ionosphere, it takes one or more
periods of the driver to achieve a replicable sinusoidal state. The diagnostics presented in sections 3 and 4
for each frequency of the driver are produced when the following convergence criteria are satisfied: The
difference in amplitude between successive driver cycles of the height-integrated Joule dissipation, the
height-integrated Ohmic dissipation, and the reflected power (monitored above the driver) must each be
independently <0.0001. (Each of these power quantities is normalized to the power supplied by the driver.)
The driver frequency is swept through 0.05 Hz ≤ f ≤ 2 Hz in steps of 0.05 Hz. The wavenumber varies from
0.05/km ≤ k/2π ≤ 2/km in steps of 0.05/km.

2.3. Ionospheric Stratification

Lysak’s (1999) derivation of (1)–(4) neglects background spatial variations perpendicular to the geomagnetic
field. This assumption requires the perpendicular wavelength to be much less than the length scale of per-
pendicular inhomogeneities of the ionosphere. As discussed in section 2.1, ignoring the coupling between
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the shear and compressional modes requires λ⊥ ≲ 20 km, so the analysis is applicable when the length scale
for transverse variations in background parameters exceeds about 100 km.

For mathematical simplicity, the geomagnetic field (B0) is treated as straight and uniform (making it also
divergence-free), and the effects of its actual variation with radial distance are included in other ways. For
an Alfvén wave propagating from 2,000- to 90-km altitude at the nominal magnetic latitude of the cusp
(75°), dipole magnetic geometry introduces the following effects: (i) The magnetic field increases by 2.2,
which increases the speed of propagation; (ii) the flux tube convergence reduces the perpendicular length
scale of the wave structure by a factor of 0.59; and (iii) the field line curvature shifts the geographic location
of the magnetic foot point to higher latitude by about 2°. Effect (i) is small compared to the change in wave
speed due the height variation in mass density and can be considered incorporated into the vertical variation
of the wave speed. Effect (ii) tends to reduce the Joule heating rate and increase the Ohmic heating rate, in
going from high to low altitude. The small effect (iii) has no practical consequence for the results in the next
sections, other than the interpretation of the geographic latitude of occurrence.

To include effect (ii) in the Alfvén wave solution, let Bd represent the actual spatially varying magnetic field

(e.g., dipole), and note that Bdλ
2
⊥≈ constant for Alfvén wave propagation over the altitude range of interest.

Near 75° magnetic latitude, Bd = Bref (rref/r)
3 to a good approximation where r = 1 RE + z is the geocentric radial

distance, z is the altitude or height, and subscript “ref” indicates reference distance. The choice of reference
distance is arbitrary. In presenting the subsequent numerical results we have chosen zref = 400 km with
rref ≡ r400 = 1 RE + 400 km = 6,800 km, so that λ⊥(r) = λ400(r/r400)

3/2 with λ400 representing the perpendicular
wavelength at zref. Thus, the height (or radial) dependence of the magnetic diffusion term on the right side of

(11) includes a contribution from both η||(r) and k2(r) = k2400(r400/r)
3 = (2π/λ400)

2(r400/r)
3. In subsequent numer-

ical calculations we absorb the height dependence of the effective wavelength into an effective magnetic
diffusivity defined as η||,eff(z) ≡ (r400/(RE + z))3/μ0σ0(z). With this definition, the solutions presented in the next
section are parameterized by the perpendicular wavelength at 400-km altitude.

In a more realistic magnetic geometry with perpendicular inhomogeneities of the ambient medium, we
would need to abandon the concept of perpendicular wavelength and describe the subsequent results in
terms of the perpendicular length scale of the driver. Since the group velocity of nondispersive Alfvén waves
is exactly magnetic field aligned, the results would be similar to those presented here, but effects such as
phase mixing of wave characteristics would make the dynamics fully two-dimensional, thereby mixing
perpendicular evolution in the wave parallel propagation and dynamics.

Computing a solution to equations (10) and (11) requires specification of the height profiles σP(z), σ0(z), or η||
(z) and either V(z) or ε(z). We used the height profiles for σP(z) and V(z) given by Lysak (1999) for dayside solar
maximum conditions (his Figures 1a and 2a, respectively). He treated large perpendicular wavelengthmodes,
for which the parallel conductivity and magnetic diffusivity were not needed nor given. We use the profile

for σ0 from 100- to 1,000-km altitude given by Hanson (1965) for dayside, solar maximum conditions (his

Figure 2–13), linear-log extrapolated from 1,000- to 5,000-km altitude. For σ0 at altitudes from 10 to 90 km, we

used the height profiles from Reid (1979), his Figure 6b. Below 10-km altitude σ0 is set to its value at 10 km. The

altitudes profiles for V(z), σP(z), σ0(z), and η||(z) = 1/μ0σ0(z) used in our calculations are shown in Figure 1.

The dashed line (lower left panel) shows the effective η||,eff (z) including the height-dependent scale factor

for the perpendicular wavelength as described above. At altitudes above 2,000 km, V(z) and σP(z) are
constant and equal their values at 2,000-km altitude. To achieve the convergence criteria given in section 2.2, it

was necessary to extrapolate σ0(z) above 2,000 km rather than setting it equal to its value at 2,000 km.

3. Survey of Volumetric Heating Rates
3.1. Height-Integrated Heating Rates

Ohmic (η∥k
2B2y=μ0)and Joule (σPE2x) heating rates, integrated from 0- to 2,000-km altitude, have been calcu-

lated from solutions to equations (10) and (11). The rms values over one periodic cycle of the driver (13),
as a fraction of the rms Poynting flux stimulated by the driver, are shown in Figure 2 as functions of λ400 ran-
ging from 0.5 to 20 km and driving frequency from 0.05 to 2 Hz. The total fractional energy absorbed (Joule
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plus Ohmic) and the reflected power leaving the system through the upper boundary are also shown in
Figure 2.

Absorption of dispersive wave power at λ400 < 0.5 km occurs at altitudes above our region of interest (i.e.,
above 2,000 km). This absorption (which we do not treat) is due to wave-particle interactions with electrons,
and it produces the soft (broadband) electron precipitation mentioned in the introduction.

The Ohmic heating rate is significant only at the smallest wavelengths due to its λ�2
⊥ dependence. As

discussed below in the context of Figures 3 and 4, Ohmic dissipation absorbs the wave power in the topside
ionosphere at length scales λ400 ≈ 0.5–2 km before Joule dissipation (which tends to maximize at lower alti-
tudes) has an opportunity to act. For λ400> 5 km the height-integrated Ohmic heating rate is negligible com-
pared to the height-integrated Joule heating rate. In this wavelength regime, the Joule heating rate appears
to saturate as λ400 increases beyond ≈5 km. This behavior is expected at larger λ⊥, wherein the Ohmic heating
term in (11) becomes negligible, rendering the equation set in (10) and (11) independent of λ⊥ (and x⊥).
However, the neglected coupled shear/compressional mode equations (1)–(4) include an additional depen-
dence on perpendicular length scale, in the first term on right side of (2). The Joule heating rate may behave
differently as λ400 increases beyond ≈20 km, wherein shear/compressional mode coupling occurs.

The height-integrated Joule and Ohmic heating rates increase with increasing frequency of the driver in
Figure 2. As shown in the next section, this behavior is due in part to the excitation of higher harmonic
structure over a larger range of altitudes in the IAR. The practical upper limit on the frequency of Alfvén waves
stimulated near the dayside magnetopause is probably close to 2 Hz, above which power in the driver is
locally absorbed there by ion cyclotron resonance interactions (Stawarz et al., 2016). Unless some other pro-
cess generates higher frequency Alfvén waves at lower altitudes, where the ion gyrofrequency is higher, one
would not expect to observe appreciable Alfvén wave power propagating downward at frequencies above
2 Hz in the plasma rest frame.

Harmonic structure in the Joule heating rate (and total absorbed and reflected power) is apparent in its fre-
quency dependence in Figure 2. Fourteen harmonics are evident with the fundamental mode at a frequency
near 0.2 Hz. This harmonic structure is a consequence of the IAR, which facilitates absorption of Alfvénic

Figure 1. Height profiles of ionospheric parameters: Wave speed (V), Pedersen conductivity (σP), parallel conductivity (σ0),
and magnetic diffusivity (η|| = 1/μ0σ0). The dashed line in bottom left panel is the effective η||,eff including the height-
dependent scale factor for the perpendicular wavelength.
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power at the resonant frequencies. The resonant frequencies are determined by the particular profile of
background Alfvén speed (Figure 1), which varies with magnetic local time, season and geomagnetic
activity. The harmonic structure is not as obvious in the Ohmic heating rate, but it is also present there
because the total absorption rate increases at the harmonic, indicating that harmonic Ohmic heating adds
to the harmonic Joule heating.

The reflected power exhibits minima at the harmonics of the absorbed power and vice versa. The reflected
power is largest at the lowest frequencies considered. These ultralow frequency Alfvén waves penetrate to
the E region (cf. Figures 3 and 4) where most of their power is reflected.

To illustrate a potential shortcoming of assuming measured electromagnetic variability in this frequency and
wavelength regime is due to Doppler shift from satellite motion through spatial structures varying slowly in
time, we have superposed in the third panel curves for a satellite Doppler frequency of Vs/λ400 (solid white
line) and 0.1 Vs/λ400 (dashed white line) when Vs = 7.6 km/s, the nominal speed of the CHAMP satellite at
400-km altitude. The spatial Doppler interpretation is reasonably well satisfied in the regime below the
dashed curve and questionable in the regime above it. Thus, very little of the frequency-wavelength space
sampled here can be considered as Doppler-shifted spatial structure at 400-km altitude where the satellite
velocity is Vs = 7.6 km/s.

3.2. Height Profiles of Heating Rates

Figures 3 and 4 show the volumetric, rms Joule and Ohmic heating rates, respectively, as functions of altitude
and λ400 for the frequencies marked by the four horizontal white lines in Figure 2 (f = 0.2, 0.7, 1.25, and 1.8 Hz).
These frequency slices occur at harmonic maxima in the heating rates of Figure 2. The heating rates are
normalized to the driving rms Poynting flux. We integrated the heating rates over λ400 so as to emphasize
the altitude variation of the harmonic structure. For sinusoidal Ex and j||, the λ400 integration = heating rate ×½
λ400, which artificially increases the heating rate at large λ400 relative to that at small λ400.

The fundamental mode (f ≈ 0.2 Hz) of the IAR exhibits a single broad maximum in the Joule heating rate at F
region altitudes (left panel of Figure 3). The lowest altitude peak in all panels of Figure 3 occurs in the E layer.

Figure 2. From left to right, rms Ohmic and Joule heating rates integrated from 0- to 2,000-km altitude as a percent of the
rms (incident) Poynting flux launched by the driver vs. perpendicular wavelength at 400-km altitude (0.5 to 20 km) and
driving frequency (0.05 to 2 Hz); height-integrated, rms fractional power absorbed (Joule plus Ohmic); and rms fractional
reflected power leaving the system through the upper boundary. The solid (dashed) curve superposed on absorbed power
delineates a satellite Doppler frequency of Vs/λ400 and 0.1 Vs/λ400 when Vs = 7.6 km/s. The altitude profiles shown in
Figures 3 and 4 are sampled at the four horizontal white lines at f = 0.2, 0.7, 1.25, and 1.8 Hz in this figure.
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The spatial structure in the height profiles of harmonics 5, 9 and 13, corresponding to f = 0.7, 1.25, and 1.8 Hz,
is missing higher altitude, spatial harmonic structure. The IAR is lossier at higher altitude where the vertical
gradient in wave speed (Figure 1) is more gradual, which is probably responsible for the weak or absent
harmonic structure at higher altitudes.

Comparing the Joule heating rates across the four panels of Figure 3, one sees that the altitude of maximal
heating depends on frequency in a complicated manner. The resonant structure in the heating rates moves
to lower altitude as more IAR harmonics are excited (compare the progression from left to right in Figure 3).
The heating rate is maximal in the E region, where σP maximizes, only at the lowest of the four frequencies
considered (f = 0.2 Hz). Even in this case, the height-integrated rate is dominated by IAR harmonic heating,

Figure 4. Same format as Figure 3 for rms integrated Ohmic heating rate with peak color-intensity 1/50 less.

Figure 3. rms Joule heating rate integrated over λ400 in % of rms incident Poynting flux vs. λ400 and altitude (80–1,000 km).
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which extends over a broader altitude range in the F region. At the higher harmonics in Figure 3, E region
heating is clearly weaker than the F region heating. E region Joule heating is very weak at 1.25 Hz and is
masked in the 1.8 Hz plot by the intense broad peak in IAR absorption near 220-km altitude.

F region Joule heating is larger than E region Joule heating over most of the frequency spectrum considered
and is due primarily to the deep minimum in Alfvén speed near the F region density peak where most of the
incident power is confined. This behavior is quite different from that of dc or quasistatic Joule heating which
maximizes where σP maximizes. The intense resonant heating is due to the resonant pumping of the wave
power at the resonator harmonics and to the slow wave speed in the F region, which causes the wave to
dwell in the F region for a comparatively long time (e.g., compared to the dwell time in the E region) while
its energy is absorbed.

The volumetric Ohmic heating rates shown in Figure 4 also exhibit IAR harmonic structure in the vertical
profile. The factor of 50 reduction in the color scale relative to Figure 3 indicates that the Ohmic heating rates
of Figure 4 are significantly smaller than Joule heating rates; but they are sustained over a greater altitude
range, making the height-integrated Ohmic heating rate at small wavelengths non negligible as illustrated in
Figure 2. F region Ohmic heating rates peak at higher altitudes than Joule heating rates where the field-
aligned current remains relatively large. The field-aligned current is increasingly diverted into Pedersen cur-
rent as the wave propagates to lower altitude. Since the Ohmic heating rate is proportional to j||

2, its value is
diminished at lower altitude. E region Ohmic heating is highest at the lowest frequencies considered.

4. Data-Constrained Heating Rate

The survey results can be used to estimate the altitude dependence of IT heating rates, with wave properties
constrained by CHAMP measurements of magnetic fields and field-aligned currents and DE-2 measurements
of electric and magnetic fields. For purposes of quantifying the potential significance of Alfvénic heating in IT
processes, we present some preliminary results of a more comprehensive survey to come.

The time series observed at low altitude, for example, by the CHAMP satellite, must depend on how the
Alfvén waves are generated at high altitude. For Alfvénic power generated by quasiperiodic solar wind
variability or surface waves near the magnetopause, for example, Kelvin-Helmholtz waves, the low-altitude
variability might be represented as a superposition of time-periodic Alfvén waves. Impulsive bursts of
Alfvénic power might be produced by impulsive reconnection at the dayside magnetopause. Differences
in the resulting low-altitude time series deserve a more extensive investigation than can be examined in this
paper. As a first step, we represent the low-altitude time series of electric and magnetic fields and field-
aligned current as a superposition of time-periodic Alfvén waves.

The discrete Fourier series of Alfvén waves at any given altitude z in the model ionosphere is given as

By x; z; tð Þ ¼ ∑
40

m¼1
∑
40

n¼1
Bm;n zð Þ cos 2πmx=λmax þ θmð Þ cos 2πnt=τmax þ θn þ ϕm;n

� �
: (14)

Here Bm,n(z) is the Fourier amplitude of the mth wavenumber and nth frequency mode; λmax = 20 km is the
maximum perpendicular wavelength at 400-km altitude (λ400). Similarly, τmax = 20 s. Lacking knowledge of
phase relationships between modes, we assign a random phase (θm, θn) for each mode relative to the others.
The double sums include all 40 × 40 modes shown in Figure 2 from f = 0.05 Hz to 2 Hz and k400/2π = 0.05 to
2 km�1. ϕm,n(z) is the phase difference between Ex and By for each mode (see the supporting information for
illustrative plots). The electric field Ex has a similar form with the same random phases but without the phase
shift ϕm,n. The relative amplitudes of Em,n(z) and Bm,n(z) satisfy the calculated local conductance relationships
(see the supporting information for illustrative plots). The field-aligned current jz is calculated from μ0

�1∂/∂x
operating on (14).

The CHAMP event described in Figure 2 of Rother et al. (2007) exhibits peak-to-peak field-aligned currents
exceeding 640 μA/m2 at 50 MHz sampling at a nominal altitude of 400 km. Such events are evidently rela-
tively common in the CHAMP data set. Events as large as 2 mA/m2 have also been reported (Rother et al.,
2007), in Øersted satellite measurements as well (Neubert & Christiansen, 2003). The small-scale Alfvén-wave
event in Figure 1 of Ishii et al. (1992) recorded near 300-km altitude at 10:21 UT exhibits a peak-to-peak
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magnetic fluctuation of 390 nT and a peak-to-peak electric fluctuation
exceeding 80 mV/m. In our analysis, the Alfvénic electric and magnetic
fields are even larger at the CHAMP altitude than at the 300-km altitude
of the DE-2 event. We use these nominal values to constrain the approxi-
mate amplitudes of electric and magnetic fields and field-aligned currents
in a model calculation.

The amplitude spectra of field-aligned currents shown in Figure 3 of
Rother et al. (2007) exhibit modest variation (almost flat) with frequency
between 0.1 and 9 Hz and roll-off exponentially beyond 10 Hz. The satellite
Doppler effect is accommodated in (14) by setting the horizontal coordi-
nate x = Vst, where Vs = 7.6 km/s is the presumed satellite velocity (the
nominal CHAMP satellite velocity at 400-km altitude). Thus, at a given alti-
tude (constant z coordinate), the superposed Fourier mode representation
of the field-aligned current derived from (14) becomes a function of time
only. Intrinsic (plasma rest frame) time variation of the modeled Alfvén
wave fields occurs for frequencies 0.05 Hz ≤ f ≤ 2 Hz (cf. discussion in
section 3.1), while the Doppler effect at 400-km altitude contributes to
apparent time variation at frequencies 0.4 Hz < Vs/λ400 < 15 Hz. It is not
known from in situ satellite observations how much of the Alfvén fre-
quency spectrum is due to intrinsic time variation versus the Doppler
effect or how many wave modes are active in actual events. Thus, the
model field represented by (14) may be a plausible model for the observed
fields, but it likely differs in harmonic content from actual measured fields.

The fields calculated from (14) for By and similar series for Ex and jz with
x = Vst at the nominal CHAMP altitude of z = 400 km are shown in
Figure 5 for a 1-s interval contained within a longer 26.3 s time series (see
Figure S3 in the supporting information), corresponding to a 200-km trans-
ect along the satellite orbit (mean width of such events in the CHAMP
data). The time series was generated by the realization of the random
phases θm,n in (14) given in the supporting information. The amplitudes
of all m,n modes in the Alfvén wave expansion for jz ∝ (2πm/λmax)Bm,n(z)

are set to the same constant value, which yields a flat amplitude spectrum (not shown) in the frequency
domain out to about 8 Hz with an exponential roll-off at higher Doppler frequencies, as in Figure 3 of
Rother et al. (2007). With this specification for jz, the amplitudes Bm,n(z) and Em,n(z) are proportional
to λmax/2πm.

The amplitude of the high-altitude electric field driver, E0 in (13), used to produce the time series was scaled
to 12 mV/m to yield low-altitude peak electric (Ex) and magnetic (By) fields and field-aligned current (jz) repre-
sentative of CHAMP and DE-2 measurements. The 12mV/m driver required to produce the fields in Figure 5 is
not necessarily representative of measured electric fields at the driving altitude (4,500 km), since the back-
groundmagnetic field and Alfvén speed are unrealistically uniform above 2,000 km. Field variations duemag-
netic lensing in the converging the flux tube and partial reflections of the wave field from continuously
varying field-aligned gradients in the wave speed are absent in the uniform region at altitudes above
2,000 km. We consider the high-altitude driver simply to be a vehicle for launching Alfvén waves that propa-
gate into the ionosphere, with amplitude adjusted so as to model observed fields at ionospheric altitudes.

Details of the time series in Figure 5 are similar to the small-scale structure resolved by 50 Hz sampling in
CHAMP data. The 1-s interval of Figure 5 was chosen for the reversed field-aligned current structure exhibited
in panel 3, which resembles in structure and amplitude an intense field-aligned current (red curve in panel 3)
reported by Rother et al. (2007), their Figure 2. Our sampling is a bit coarser because it extends only to
Vs/λmin = 15 Hz; however, as noted above, the field-aligned currents inferred at CHAMP altitudes contain
little power at frequencies above 10 Hz. The ratio of peak |jz| to rms jz in Figure 5 is 3.1. This ratio is close
to but less than the statistical regression slope of 3.75 for CHAMP field-aligned currents reported by Rother
et al., their Figure 6.

Figure 5. A 1-s interval at 400-km altitude in the time series of the electric
(Ex) and magnetic (By) fields, field-aligned current (jz), and Joule heating
rate (JH) of superposed Alfvén waves calculated from (14) for one realization
of random phases (θm,n). Peak values are labeled in each panel, with rms (top
number) and average (bottom) values in boxes to the right. The red curve
for jz is extracted from a CHAMP time series (Figure 2 of Rother et al., 2007).
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Prominent features in the modeled time series of Figure 5 are similar at
other altitudes, but the field amplitudes are smaller (larger) at lower
(higher) altitudes. Like the sample heating rates shown in Figure 3, the
Joule heating rate increases (decreases) at lower (higher) altitude due to
the increase in Pedersen conductivity with decreasing altitude, but, with
inclusion of 40x40 Alfvén modes in (14), the Joule heating rate of the mod-
eled time series peaks in the lower F region rather than in the E region.

We calculated the height-dependent, Alfvénic Joule heating rate at alti-
tudes from 100 to 500 km from time averages taken within the same 1-s
time interval of Figure 5 (WA1 = σP(z) 〈EA

2(z)〉1) and from time averages of
the complete 26.3-s time series (WA26 = σP(z) 〈EA

2(z)〉26) from which this
1-s interval is extracted. The resulting average heating rates (Figure 6) were
then added to the heating rate Wdc = σP(z)Edc

2 produced by a uniform dc
field of 10 mV/m representing an average, large-scale convection electric
field in the cusp. Edc is nearly constant between 100- and 500-km altitude,
so the altitude profile of Wdc alone in Figure 6 follows that of σP(z) in
Figure 1.WA26 is illustrative of an average profile of thermospheric heating
rate across a 200-km-wide cusp, whereasWA1 illustrates the profile of aver-
age, high burst rate heating in a single 1-s interval. The Ohmic heating rate
is not included in our calculated rates because it is small in comparison to
Joule heating and because it mainly heats ions rather than neutrals at F
region altitudes and above.

Figure 6 also shows a case when the dc Joule heating rate is added to a fic-
titious Joule heating rate—identified as a pseudo quasistatic (WQS) rate.
WQS is calculated by assuming that the rms Alfvénic electric field ampli-
tude at 400-km altitude is electrostatic rather than inductive, with the elec-
tric field at other altitudes determined by static mapping along the

background magnetic field (at 100- to 500-km altitude, a quasistatic electric field, like Edc, is essentially inde-
pendent of z). The dotted curve in Figure 6 shows the resulting Wdc + WQS. Its off-scale peak value of
58 nW/m3 obtained from the 26.3-s rms average electric field occurs at 132-km altitude in the E region where
σP(z) peaks.

The combined Alfvénic plus dc heating rates also peak near the E region peak in σP(z), with the location and

magnitude of the peak controlled by the profile ofWdc.WA26 +Wdc andWA1 +Wdc exhibit secondary peaks of

5.8 nW/m3 (26.3-s average) and 12.9 nW/m3 (1-s average) in the F region at 268-km altitude. WA alone peaks
near this same altitude and then decreases at E region altitudes to less than one half of its peak value and to a

small fraction ofWdc. As discussed below, this feature of Alfvénic heating can produce CHAMP thermospheric
density enhancements at 400 km.

The Alfvénic heating profile (WA +Wdc) and the pseudo quasistatic heating profile (WQS +Wdc) are similar at F
region altitudes, but they differ very significantly at E region altitudes. This comparison indicates that misin-
terpretation of inductive electric fields measured in the ionosphere can lead to estimates of anomalously
high Joule heating rates in the E region. Given the large difference in E region Joule heating rates for
Alfvénic and quasistatic fields, the implications of this difference for ionospheric and thermospheric ener-
getics are significant.

We can qualify the results in Figure 6 in the context of other models of Joule heating that produce thermo-
spheric density anomalies resembling those measured by the CHAMP satellite. Brinkman et al. (2016) exam-
ined Joule heating produced by zero-mean, quasistatic, rms electric fields of 20 and 50 mV/m added to the
heating rate produced by a static, uniform convection field of Edc = 10 mV/m. The altitude profiles for their
combined heating rates resemble in magnitude and altitude distribution the pseudo quasistatic profile in
Figure 6. Brinkman et al. note that their large volumetric Joule heating rates in the E region are less important
for the neutral gas upwellings observed by CHAMP than the smaller F region rates, because the heating rate
per unit mass, σP(z)E

2/ρair(z), is amplified in the F region owing the more rapid exponential decrease of the air

Figure 6. Height profiles of Joule heating rates for a 10-mV/m static, uniform
dc electric field (Wdc); for the same Wdc added to a 1-s average of the
Alfvénic Joule heating rate WA1 at each altitude (the 1-s interval at 400-km
altitude is shown in Figure 5) and for the same Wdc added to an altitude-
dependent, Alfvénic Joule heating rate WA26 averaged over a longer time
series (26.3 s) from which the 1-s interval in Figure 5 was extracted. See text
for explanation of the dotted curve (Wdc + WQS).
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density ρair(z) with increasing altitude relative to the decrease in σP(z). The Alfvénic heating rates calculated
here give heating rates per unit mass in the F region comparable to those of Brinkman et al. The fact that
Alfvén waves deposit energy predominantly in the F region makes Alfvénic heating especially important
for mesoscale and small-scale heating processes that enhance the thermospheric temperature and density
at F region altitudes and higher.

Zhang et al. (2012) and Deng et al. (2013) examined the effects of soft electron precipitation on Joule heating
and thermospheric upwelling in large-scale models of the IT interaction (including also coupling to the mag-
netosphere in Zhang et al.’s study). Both found that the enhancement in F region Pedersen conductivity due
to enhanced ionization from ~100-eV electron precipitation significantly augments F region Joule heating
and thermospheric upwelling, particularly during geomagnetic storm conditions (Zhang, Lotko, et al.,
2015). This result was anticipated in an earlier modeling study by Clemmons et al. (2008), and it was also
included in the aforementioned study by Brinkman et al. (2016). Had the effects of soft electron precipitation
been included in the conductivity profile used here, we would expect to obtain even higher F region Joule
heating rates for Alfvénic electric fields.

We conclude that superposed Alfvénic electric fields have a minor influence on E region Joule heating and a
comparatively large effect on F region Joule heating. F region Alfvénic Joule heating rates are comparable to
those obtained from heating models based on quasistatic electric field variability, when the rms amplitude of
quasistatic and Alfvénic fields near the F region peak are comparable. However, quasistatic variability tends to
greatly enhance E region Joule heating relative to Alfvénic variability.

The modeled field-aligned current (jz) in Figure 5 was computed from the curl of wave By with scaling of the
driver amplitude chosen to give a peak value of jz consistent with CHAMP measurements. An analysis of dif-
ferences in amplitude and spectral content between model jz when computed from the curl (∂/∂x) and from
the Doppler derivative (∂/∂Vst), as was done for the CHAMP data, should be undertaken in the future. Any sig-
nificant differences may propagate through the model Joule and Ohmic heating rates.

5. Conclusions

This investigation was motivated by CHAMP satellite measurements of large anomalies in the thermo-
spheric density correlated with intense small-scale magnetic fluctuations near the cusp and dayside con-
vection throat at altitudes near 400 km. The magnetic fluctuations are modeled here as Alfvén waves, and
the effects of Alfvén wave energy deposition on IT heating are considered. Heating rates have been cal-
culated as a function of altitude and wave frequency and perpendicular wavelength. A future step in
assessing the effects of the Alfvén-wave heating on thermosphere and ionosphere densities, tempera-
tures, and composition requires using the heating rates in a thermosphere-ionosphere general
circulation model.

Specifically, we analyzed Joule and Ohmic heating rates resulting from Alfvén waves incident from high alti-
tude on a stratified, dayside ionosphere specified by profiles of the Alfvén speed and the Pedersen and
parallel conductivities representative of the cusp region. Alfvén wave frequencies ranging from 0.05 to
2 Hz and perpendicular wavelengths at 400 km altitude from 0.5 to 20 km were considered. Electron inertial
effects are negligible at wavelengths >0.5 km in the ionosphere, and weak coupling between the shear
Alfvén and compressional modes at wavelengths<20 km allows effects of Alfvén-wave induced Hall currents
to be neglected in the analysis. The upper value of the considered frequencies is not limited by the physical
model per se. Rather, when considering likely high-altitude sources of Alfvén waves near the dayside magne-
topause, power at frequencies near and above the local gyrofrequency is locally absorbed there and there-
fore is unlikely to stimulate appreciable power in downward propagating Alfvén waves.

The principal results of this paper include the following:

1. In contrast to heating by dc and quasistatic electric fields, which cause Joule heating primarily in the E
region ionosphere, superposed Alfvén-wave electric fields at frequencies from 0.05 to 2 Hz and perpendi-
cular wavelengths from 0.5 to 20 km mainly heat the F region ionosphere and thermosphere (Figures 3
and 6). Previous modeling studies have shown that heating at these altitudes is needed to produce
observed thermospheric density anomalies at 400-km altitude (and associated depletions observed at
lower altitudes). The waves penetrate most effectively to the E region only at the lowest frequencies
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considered, but most of the Alfvén-wave power at these low frequencies is reflected and returned to the
magnetosphere rather than being absorbed. Thus, Alfvén wave energy deposition heats the IT at the alti-
tudes needed to produce the observed thermospheric anomalies without significant heating of the E
region, as occurs for quasistatic electric fields (section 4).

2. The structure of the IAR is responsible for the large F region energy deposition by the waves. The classical
IAR is a lossy cavity that traps Alfvén waves between the conducting E layer and the topside gradient in
Alfvén speed. Over most of the frequency range considered here and for the model ionospheric profile,
the Alfvén wave power reaching the E layer is weak, and the resonance structure is due primarily to the
deep minimum in Alfvén speed near the F region density peak where most of the incident power is con-
fined. The Joule heating rate maximizes at resonance maxima in the electric field (Figure 2) and, for a
given frequency, exhibits a harmonic structure with altitude (Figure 3).

3. The Ohmic heating rate (due to the parallel resistivity of the ionosphere) is comparatively weak, with peak
values about 50x smaller than those of the Joule heating rate (Figure 4). However, the Ohmic heating
extends over a greater altitude range than Joule heating. At the smallest perpendicular wavelengths con-
sidered, the height-integrated Ohmic heating rate may be an important factor in topside ionospheric ion
upwelling. Further investigation is needed.

4. The wave impedance (μ0Ewave/Bwave) is Alfvénic (μ0VA) or nearly Alfvénic based on the local Alfvén speed
throughout most of the IAR heating region (Figure S1 in the supporting information). Deviations occur in
the E layer and for low-frequency Alfvén waves observed at higher altitude wherein the wave conduc-
tance approaches the Pedersen conductance. Thus the inferred wave conductance should provide a rea-
sonably good diagnostic of the Alfvénic character of wave fields measured in the IAR.

5. The Joule heating rates estimated here and their variation with altitude are very different from those
calculated from variable zero-mean, quasistatic fields. Alfvén waves deposit energy predominantly at
resonances of the IAR, which occur mainly in the F region ionosphere. The waves deposit comparatively
little power in the E region, in contrast with variable zero-mean, quasistatic fields which deposit energy
predominantly in the E region. The F region Joule heating rates resulting from quasistatic and Alfvénic
electric field variability are comparable when the rms amplitudes are comparable in the F region
(section 4 and Figure 6).

This work addresses an important question regarding the nature of electric field variability inferred on polar-
orbiting satellites. To what extent are observed fields quasistatic or Alfvénic? While quasistatic fields map
along equipotential magnetic field lines, Alfvénic fields do not. The altitude profiles of IT heating are therefore
very different for the two cases. The quasistatic assumption is typically invoked in statistical studies of low-
altitude electric field variability, but the assumptionmay not be uniformly valid across the observed spectrum
of variability.

Much work remains to determine the relative importance of Alfvén-wave heating in the ionosphere and ther-
mosphere relative to other processes. Next steps should include the following:

1. Analysis of the differences in model time series, amplitude spectra, and heating rates when the data-
constrained field-aligned current is derived from the Doppler-derivative approximation for the curl of
the wave magnetic field rather than the actual curl of the wave magnetic field, as was done here.

2. Event and statistical modeling of observed F region time series of electric and magnetic fields, for exam-
ple, as reported by Ishii et al. (1992) and Rother et al. (2007), including an evaluation of the implied heating
rates.

3. Analysis of differences in heating rates derived from periodic (as was done here) versus impulsive Alfvén-
wave drivers.

4. Surveys of heating rates for ambient ionospheric and thermospheric states representative of different
local times, solar cycle, and activity conditions, for example, based on empirical reference models such
as the International Reference Ionosphere (IRI) and MSIS models.

5. Evaluation of effects on heating rates of coupling between Alfvén and compressional magnetohydrody-
namic waves, which requires treatment of Hall currents at larger perpendicular wavelengths.

6. Modeling the effects of broadband (soft) electron precipitation on the F region conductivity.
7. Using Alfvén-wave heating rates in a thermosphere-ionosphere general circulation model to evaluate

their effects on the density, temperature and composition of the thermosphere and ionosphere.
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Since Alfvén waves appear to be prevalent where thermospheric density anomalies are observed, their
effects on thermospheric heating and on the formation of ion upflows in these regions merit further study.
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Erratum
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the abstract, “nW/m2” were changed to “nW/m3”. This version may be considered the authoritative version
of record.
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