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Abstract For the first time we derive an analytical expression for energy deposition by propagating
monochromatic Alfvén waves in the collisional ionosphere-thermosphere (IT). Based on empirical
models of IT parameters, we show an approximately 10% increase in efficiency of energy deposition at
high latitudes and about 150 km altitude by Alfvén waves at 5 Hz as compared to static fields of the same
magnitude. We analyze the dependence of the wave energy deposition on geomagnetic activity through
a Global Ionosphere-Thermosphere Model (GITM) simulation of IT conditions during the 13–14 October
2016 geomagnetic storm. The peak Alfvén wave contribution occurs in the E layer and lower part of the F
layer. Wave-induced heating is shown to increase in the daytime and postdusk high-latitude F layer during
the storm due to increased wave-modified conductivity. We estimate that the Alfvén wave contribution
to the IT energy budget can reach about 30% of the value of static Joule heating during a strong storm
and that the actual percentage increase is dependent on latitude and altitude. This effect carries important
implications for ionospheric dynamics, especially for density enhancement in the daytime cusp, heating
in the vicinity of auroral arcs and ion outflow.

1. Introduction

The solar wind driving of high-latitude electrodynamics is generally considered in a direct current (DC)
approach, that is, described by an evolving set of quasi steady state electrostatic processes (Richmond,
2010; Thayer & Semeter, 2004; Thayer et al., 1995). In this approach time-dependent terms in the Maxwell
equations governing ionospheric electrodynamics are neglected. The approximation is valid for a broad
range of processes, especially in the collision-dominated ionospheric E layer. At the same time it is acknowl-
edged that one needs to go beyond this approach to explain dynamic and mesoscale phenomena in the
ionosphere-thermosphere (IT). This alternating current (AC) approach was pioneered by Lotko (2004, 2007),
Lysak (1999, 2004), Lysak and Song (2006), Lysak et al. (2013), and Yoshikawa et al. (2010, 2011). The AC
approach retains the magnetic induction term that naturally includes ultralow frequency (ULF) wave solutions
and describes dynamic processes occurring at temporal scales from seconds to ∼15 min. This is in a contrast
with the scales of≥15 min, which are conventionally considered for quasi-static processes in the high-latitude
ionosphere (Richmond, 2010).

Recent ground-based and spacecraft observations indicate the importance of dynamic ionospheric response
to external driving, and the existence of transient and multiscale plasma features during geomagnetically
active periods. For instance, Huang and Burke (2004) presented evidence for transient field-aligned current
(FAC) sheets observed by the Defense Meteorological Satellite Program (DMSP). Merkin et al. (2013) explored
dynamic evolution of FAC patterns due to solar wind driving on 10-min timescales. McGranaghan et al. (2017)
in their comprehensive data analysis showed numerous mesoscale (at 150 to 250 km in the horizontal scale)
high-latitude FAC systems with spatial distribution different from that of large-scale FACs. Pakhotin et al.
(2018) analyzed Swarm data in the high-latitude ionosphere and showed a continuum of electromagnetic
field fluctuations with frequencies up to 8 Hz. Their analysis of a FAC system crossing revealed evidence
for large-amplitude magnetic structures that change on 10-s timescales. Using the Assimilative Mapping of
Ionospheric Electrodynamics (AMIE) procedure, Ridley et al. (1998), Lu et al. (2001), and Lu et al. (2002) have
shown an almost simultaneous (∼2 min) global response in plasma convection and magnetic perturbations to
southward turning of the interplanetary magnetic field (IMF) Bz component. Small-scale and dynamic features
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in the electric field at a timescale of ∼2 min are routinely observed by the Poker Flat Incoherent Scatter Radar
(Semeter et al., 2010). In the magnetosphere, based on Polar measurements, Keiling et al. (2003) showed the
importance of ULF wave contributions to electromagnetic energy flow down into the ionosphere. Huang
et al. (2016) in their analysis of DMSP measurements showed that energy is input to the polar cap ionosphere
through dynamic and localized Poynting flux. Miles et al. (2018) performed a combined analysis of Swarm
and the enhanced Polar Outflow Probe (e-POP) measurements. Their observations suggest that the Alfvén
waves (in the frequency range from 1 to 10 Hz) play a role in discrete auroral arc dynamics from subsecond to
about 10-s scales. Lyons et al. (2016) demonstrated that dynamic mesoscale flow structures drive storm time
IT dynamics.

Lotko (2004, 2007) emphasized the importance of magnetic induction for magnetosphere-ionosphere (MI)
coupling in that it affects ionospheric impedance, energy storage in the MI system and ionospheric outflow.
Modeling results by Connor et al. (2016) indicate that a more accurate specification of MI coupling can explain
localized neutral density enhancements during a storm. ULF wave, and specifically Alfvén wave, intensifica-
tions in the inner magnetosphere are observed during enhanced geomagnetic activity. Chaston et al. (2005)
analyzed Cluster and Fast Auroral Snapshot Explorer (FAST) observations and estimated energy deposition
into the daytime auroral oval carried by the waves, including increased IT heating. Hatch et al. (2016) in their
analysis of Fast Auroral Snapshot Explorer data demonstrated that the downward Poynting flux carried by
Alfvén waves is dependent on the level of geomagnetic activity and that occurrence rates of the waves at
and above auroral latitudes increase by a factor of 4 to 5 during geomagnetic storms. Though the effects of
AC driving on ionospheric electron density, thermospheric density and neutral winds are generally unknown,
there are indications that ULF wave dissipation in the daytime cusp area can lead to an increase in neutral
density (Lotko and Zhang, AGU 2016 presentation). The cusp density anomaly observed by CHAMP at 400-km
altitude (Luhr et al., 2004) is still not well understood. The modeling-based analyses by Deng et al. (2013) and
Zhang et al. (2015) showed the importance of localized energy dissipation for the cusp density enhancement
by different mechanisms. These past research efforts and increased attention in recent years to dynamic and
multiscale processes in the IT system hightlight importance of the AC approach and issues that lack resolution.
In the paper we analyze Alfvén wave contribution to localized heating and the IT energy budget.

To understand and forecast the dynamically driven IT system it is necessary to provide realistic energy bud-
get estimates during intense geomagnetic storms, for example, (Verkhoglyadova et al., 2017), and to quantify
AC energy input into the IT. In this paper we focus on one aspect of the dynamic ionospheric budget and esti-
mate energy input due to ULF waves incident from the magnetosphere. A simple analytical solution for Alfvén
wave energy deposition is derived and estimates based on empirical models for IT parameters are provided.
Here we consider a subset of propagating waves that are not reflected in the ionospheric resonator (Lysak,
1999). The efficiencies of Alfvén wave dissipations during quiet time and storm conditions are analyzed. The
Global Ionosphere-Thermosphere Model (GITM; Ridley, 2006) is used to define parameters of the collisional IT
background throughout the 13–14 October 2016 geomagnetic storm. We provide estimates of relative dis-
sipated wave power at high latitudes before and during the storm. Physical implications of the results and
directions of further studies are discussed in the conclusion section.

2. Analytical Formulation of Alfvén Wave Energy Deposition
in the Collisional Ionosphere

Electromagnetic energy balance is derived from the Maxwell equations as (Alexandrov et al., 1984; Landau &
Lifshitz, 1960)

𝜕W
𝜕t

= −∇(S⃗), S⃗ = 1
𝜇0

[E⃗ × B⃗], (1)

where W , E⃗, B⃗, and S⃗ are the electromagnetic energy density, electric and magnetic fields, and the Poynting
flux, respectively. The divergence of the flux is the source for the energy change in a system, which is a com-
bination of inner electromagnetic field energy change and the rate of work done in the system. The rate of
change of electromagnetic energy density is given by

𝜕W
𝜕t

= E⃗
𝜕D⃗
𝜕t

+ 1
𝜇0

B⃗
𝜕B⃗
𝜕t

, D⃗ = 𝜖0𝜖E⃗. (2)
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Here D⃗ and 𝜖 are electric displacement and tensor of dielectric permittivity of the plasma, respectively. Another
way of writing the energy balance is to introduce the internal energy density of electromagnetic fields, WE ,
and rewrite (1) and (2) as

𝜕WE

𝜕t
+ j⃗ · E⃗ = −∇(S⃗),

𝜕WE

𝜕t
= 𝜖0E⃗

𝜕E⃗
𝜕t

+ 1
𝜇0

B⃗
𝜕B⃗
𝜕t

. (3)

Here we used another definition of D⃗ through electric current, j⃗, as (Landau & Lifshitz, 1960)

𝜕D⃗
𝜕t

= 𝜖0
𝜕E⃗
𝜕t

+ j⃗. (4)

In the DC approach temporal changes in electromagnetic fields are neglected, that is, 𝜕

𝜕t
→ 0, which yields

from (3):

j⃗ ⋅ E⃗ + ∇(S⃗) = 0, (5)

where the first term is the Joule heating rate, for example, Richmond (2010). Equation (5) is applied to describe
energy balance in the high-latitude ionosphere between incoming electromagnetic Poynting flux and colli-
sional dissipation of the current (Thayer & Semeter, 2004; Thayer et al., 1995). Note, that this description is
applied for a system that reached a dynamic equilibrium, that is, all nonstationary transition processes ceased.

In the AC approach we allow for nonstationary processes. In this approach waves become a natural solution of
the AC Maxwell equations. To begin we consider a linear superposition of monochromatic waves (by means
of Fourier harmonics) and assume that the field magnitude varies with time much more slowly than the wave
period (∼ 1∕𝜔). Thus, for the wavefields of a single harmonic (Landau & Lifshitz, 1960; Stix, 1992),

E⃗, B⃗ ∼
exp(−i𝜔t + ik⃗ ⋅ r⃗) + complex conjugate

2
, (6)

where 𝜔, k⃗ are the wave frequency and the wave vector. We use the standard linearization approach (Krall
& Trivelpiece, 1973; Landau & Lifshitz, 1960) to express a change in electromagnetic energy density of the
plasma through wavefield magnitudes, for example,

𝜕E⃗
𝜕t

∼ −i𝜔E⃗ + i𝜔E⃗∗

2
, (7)

where ∗ denotes the complex conjugate. The relationship between E⃗ and j⃗ is described through plasma con-
ductivity, �̂�: j⃗ = �̂�E⃗ and in the linear approximation, 𝜖ij = 𝛿ij +

i𝜎ij

𝜔𝜖0
, where 𝛿ij is the Kronecker tensor. Following

Alexandrov et al. (1984) & Landau and Lifshitz (1960) and by substituting waveforms (6) into the equation (2)
we obtain a general expression for electromagnetic wave energy deposition in a plasma:⟨

𝜕W
𝜕t

⟩
T
= −

i𝜔𝜖0

4

∑
i,j=1,2,3

⟨|Ei||Ej|∗⟩T (𝜖ij − 𝜖∗ji ), (8)

where ⟨...⟩T means averaging over fast oscillations. The latter procedure eliminates the harmonics ∼
exp(±i2𝜔t), which do not contribute to an average energy transferred in the system.

It is established in Alexandrov et al. (1984) and Landau and Lifshitz (1960) that a monochromatic wave does not
dissipate in a homogeneous plasma if its dielectric permittivity tensor is Hermitian: 𝜖ij = 𝜖∗ji . For instance, this
is the case for ULF waves in collisionless plasma as it will be demonstrated below. The existence of collisions
can break this property and lead to energy dissipation. Next we will show that for ULF waves in the collisional
ionosphere, energy deposition in the plasma is determined by the imaginary part of the dielectric permittivity
tensor ℑ(𝜖).

To simplify derivations we select the following orthogonal coordinate system. We align the Z axis with the
direction of the ambient Earth’s magnetic field, B⃗0. The wave vector is located in the (XZ) plane, that is, it has
components: (k⊥, 0, k||), where k⊥ = k sin 𝜃, k|| = k cos 𝜃, and 𝜃 is the wave propagation angle relative to B⃗0.
In a cold magnetized plasma without collisions, the dielectric permittivity for low-frequency waves takes the
form (Alexandrov et al., 1984; Stix, 1992):

𝜖 =
⎛⎜⎜⎝
𝜖⟂ ig 0
−ig 𝜖⟂ 0

0 0 𝜖||

⎞⎟⎟⎠ , (9)
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where all tensor elements (𝜖⟂, g, 𝜖||) are real functions of plasma parameters (defined below for a specific case).
It is evident that ⟨ 𝜕W

𝜕t
⟩T = 0 in this case. The tensor elements have imaginary parts in the presence of collisions

and 𝜖ij = −𝜖∗ji , for i ≠ j. In this case (8) can be rewritten as
⟨
𝜕W
𝜕t

⟩
T
=

𝜔𝜖0

2

∑
i,j=1,2,3

⟨|Ei||Ej|∗⟩T |ℑ(𝜖ij)|. (10)

Next we adapt equation (10) for the case of ULF waves in the collisional ionosphere. We focus on Alfvén
waves which have By, Ex , Ez field components in this geometry (Lysak, 1999; Stasiewicz et al., 2000). We
use the expression for conductivity from Knudsen et al. (1992; equations 5–6), which yields the complex
conductivity tensor:

�̂� =
⎛⎜⎜⎝

𝜎1 𝜎2 0
−𝜎2 𝜎1 0

0 0 𝜎0

⎞⎟⎟⎠ , (11)

where𝜎1, 𝜎2, and𝜎0 are reduced to the Pedersen, Hall, and parallel conductivities of the collisional ionosphere
in the absence of waves, respectively. To agree with our notations, because of different definitions for linear
wavefield phases, one needs to change the sign in their equations: 𝜔 → −𝜔. Thus, from Knudsen et al. (1992)
we obtain:

𝜖⟂ = 1 + i𝜎1

𝜔𝜖0
, ℑ(𝜖⟂) =

1
𝜔

∑
𝛼 𝜔

2
p𝛼𝜈𝛼

q2
𝛼+2𝜔2

q4
𝛼+4𝜔2𝜈2

𝛼

,

𝜖|| = 1 + i𝜎0

𝜔𝜖0
, ℑ(𝜖||) = ∑

𝛼

𝜔2
p𝛼

𝜔2+𝜈2
𝛼

𝜈𝛼

𝜔
,

g = 𝜎2

𝜔𝜖0
, q2

𝛼
= 𝜈2

𝛼
− 𝜔2 + 𝜔2

c𝛼.

(12)

Here we use the notations 𝜔p𝛼, 𝜈𝛼, 𝜔c𝛼 for plasma frequency, collision frequency and gyrofrequency of the
specie 𝛼. We sum over all ion species and electrons. It is assumed that𝜔p𝛼 >>𝜔c𝛼 >> 𝜈𝛼 >𝜔 for the ULF waves
in the low-altitude ionosphere plasma regime (E layer and a lower F layer). Since the wave does not have an
Ey component, there is no contribution from the function g and Hall conductivity to the sum in equation (10).
Separating different field components in (10), we obtain

⟨
𝜕W
𝜕t

⟩
T
= 𝜔𝜖0⟨|E⟂|2⟩Tℑ(𝜖⟂) + 𝜔𝜖0⟨|E|||2⟩Tℑ(𝜖||), (13)

where E|| and E⟂ are wave electric field components in directions parallel and perpendicular to the back-
ground magnetic field. Note that

∑
i,j=1,2,3 ⟨|Ei||Ej|∗⟩T = 2

∑
i=1,2,3 ⟨|Ei|2⟩T . Taking into account (12), we rewrite

the expression (13) as ⟨
𝜕W
𝜕t

⟩
T
= �̃�P⟨|E⟂|2⟩T + �̃�||⟨|E|||2⟩T , (14)

where �̃�P and �̃�|| are functions of plasma parameters, which can be defined as the Pedersen and parallel
conductivities for Alfvén wavefields:

�̃�P = 𝜖0
∑

𝛼

𝜈𝛼𝜔
2
p𝛼(q2

𝛼+2𝜔2)
q4
𝛼+4𝜔2𝜈2

𝛼

, �̃�|| = 𝜖0
∑

𝛼

𝜈𝛼𝜔
2
p𝛼

𝜔2+𝜈2
𝛼

,

q2
𝛼
= 𝜈2

𝛼
− 𝜔2 + 𝜔2

c𝛼.

(15)

In the limit 𝜔 → 0, �̃�P → 𝜎P, �̃�|| → 𝜎||, where

𝜎P = 𝜖0

∑
𝛼

𝜈𝛼𝜔
2
p𝛼

𝜈2
𝛼
+ 𝜔2

c𝛼

𝜎|| = 𝜖0

∑
𝛼

𝜔2
p𝛼

𝜈𝛼
(16)

and 𝜎P and 𝜎|| are the static Pedersen and parallel conductivities. Note that the wave-modified conduc-
tivities (15) are real functions of plasma parameters and are different from complex components of the
conductivity tensor (11).

To summarize, consider energy balance in the IT system. Input energy of external electromagnetic fields is
characterized by the Poynting flux. In the DC approach energy deposition, Qs, is defined indirectly through
the Joule heating (5) by static electric field and background plasma conductivities (16). Wavefields in the
AC approach provide an additional energy deposition, Qw , in (3) through 𝜕WE

𝜕t
. Average energy deposition

in the collisional ionosphere due to the latter term can be described similarly to the static case by wave
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magnitudes (14) and the wave-modified conductivities (15). The ULF wave dissipation alters energy deposi-
tion in the ionosphere. There are two questions to investigate:

1. Given the same field magnitudes, how does wave energy deposition compare in efficiency to energy
deposition by static fields?

2. What is the contribution of wave energy deposition to the overall energy budget?

We will address these questions in the next sections.

3. Model Estimates of Efficiency of Alfvén Wave Energy Deposition
3.1. Estimation Based on Empirical Models
The field-aligned electric field (Ez) is nonnegligible for kinetic or dispersive Alfvén waves (Lysak & Lotko, 1996).
However, these waves exist in the magnetosphere only. Alfvén waves at ionospheric E and F layer altitudes
propagate nearly parallel to the magnetic field lines and their electric field is in a direction perpendicular to the
background magnetic field. Thus, we will further discuss only the Pedersen conductivity, which is associated
with E⃗⟂ and ignore Alfvén wave contribution through the parallel conductivity in (14). There is no contribu-
tion to ULF wave dissipation in the ionosphere through Hall conductivity as was discussed above. Energy
deposition rate by monochromatic Alfvén waves, Qw , and by the static electric field, Qs, are estimated as

Qw = �̃�P⟨|E⟂w|2⟩T , Qs = 𝜎P|E⟂s|2. (17)

Thus, the relative efficiency of energy deposition can be evaluated by: 𝜂 = (Qw −Qs)∕Qs = (�̃�P −𝜎P)∕𝜎P for the
fields of the same magnitudes, ⟨|E⟂w|2⟩T = |E⟂s|2. This parameter is used for heating efficiency comparison
only since the magnitudes of ULF wave and static electric fields in the ionosphere can be different due to
different generation mechanisms and conditions for these fields (see section 4).

To quantify efficiency of energy deposition by Alfvén waves or a relative difference 𝜂 between the wave-
modified Pedersen conductivity (15) and the ionospheric Pedersen conductivity (16) we use ionospheric
parameters defined from empirical models. Densities and temperature profiles are calculated using the
U.S. Naval Research Laboratory Mass Spectrometer and Incoherent Scatter Extended (NRLMSISE-00) model
(Hedin, 1991; Picone et al., 2002; https://ccmc.gsfc.nasa.gov/modelweb/models/nrlmsise00.php) and Inter-
national Reference Ionosphere (IRI-2012) model (Bilitza et al., 2014; https://omniweb.gsfc.nasa.gov/vitmo/
iri2012_vitmo.html). The NRLMSISE-00 is an empirical model developed at NRL, which provides neutral tem-
perature and density of the Earth’s atmosphere from the ground through the thermosphere. Profiles are
provided as functions of solar irradiance and geomagnetic activity. Data sets used for the model development
include selected satellite, sounding rocket and incoherent scatter radar measurements. IRI is an empirical
model based on data from the global network of ionosondes, incoherent scatter radars, selected satellite, and
rocket experiments. Required model inputs are the F10.7 index, sunspot number and geomagnetic activity
indices. The model output includes electron density and temperature profiles from about 60 km (80 km in
nighttime) to about 2,000 km in altitude. We utilize these model outputs to estimate collision frequencies
for different species based on formulae provided by Rees (1989) and Schunk and Nagy (2009). As an exam-
ple we use ionospheric parameters for 1 January 2012 at a local noon, latitude of 60∘ and longitude of 270∘.
We choose daytime because of higher static ionospheric conductivitites. Figure 1 shows altitudinal profiles of
relevant frequencies for the main species: e,O+,NO+,O+

2 . Here the collision frequencies, gyrofrequencies and
plasma frequencies are shown by solid, dashed, and dotted lines, respectively. The dipole approximation for
the Earth’s magnetic field magnitude at 60∘ latitude is used. Magnetic field dependence on altitude is ignored
within the altitude range below 800 km.

We consider Alfvén waves within the frequency range of ≥0.5 Hz (or ∼3 rad/s). Comparison with Figure 1
shows that our assumptions on the wave frequency ranges used to derive the permittivity tensor (12) are
valid, especially the condition 𝜈𝛼 ≥ 𝜔, up to about 400 km in altitude. The selected wave frequency range is
above the upper frequency boundary for a wave to be trapped in a resonator (Lysak, 1999) and corresponds to
propagating waves. Note that it is assumed that the field-aligned (vertical) wavelength is much less than the
local atmospheric scale height and effects of plasma inhomogeneity on wave propagation are ignored. Reflec-
tion of Alfvén waves with the frequencies above ∼0.5 Hz in the ionosphere is expected to be poor (Lessard &
Knudsen, 2001) and is neglected.

Figure 2 shows relative differences in Pedersen conductivity for the test case plasma parameters. Note that
the difference in Pedersen conductivites is positive, that is, wave-modified heating is stronger than heating
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Figure 1. Altitudinal profiles of the main frequencies for 1 January 2012
at a local noon and (60∘ , 270∘ ). Solid, dashed, and dotted lines show
collision frequencis, gyrofrequencies, and plasma frequencies, respectively.
Frequencies for different ion species and electrons are indicated by different
colors. Ion species NO+ and O+

2 are present at altitudes up to about 300 km.

by a static field of the same magnitude. The wave heating efficiency peaks
around 150 km in the E layer. The difference increases with the wave fre-
quency and can reach about 10% for 5-Hz waves. The lowest frequency
waves (with the wave period of about 2 s) show less than 1% relative
conductivity change.

This estimate addresses efficiency of energy deposition only and does not
take into account differences in magnitudes of ULF wave and static elec-
tric fields which need to be evaluated in specific case studies (see also
the section 4). Both the efficiency and electric field magnitude determine
energy deposition in the ionosphere equation (17). Our estimate is pro-
vided for typical empirically determined ionosphere plasma parameter
profiles. Next we will investigate if the efficiency of wave energy deposition
changes during a geomagnetic storm as compared to a quiet time.

3.2. Estimation Based on GITM
The core of GITM (Ridley et al., 2006) is a nonhydrostatic approach to
solving the continuity, momentum, and energy equations on a 3-D geo-
graphic grid (latitude, longitude, and altitude). The vertical grid spac-
ing is based on the local scale height, typically less than 3 km in the
Earth lower thermosphere and over 10 km in the upper thermosphere
and can be modified. The simulated altitude range in the IT covers from
about 100 to 600 km. The typical temporal resolution of a global run
analyzed here is about 1 s to few seconds, which is sufficient to repre-

sent most of the IT storm time dynamical processes but not sufficient to model wave processes studied
here. GITM explicitly solves for densities of the dominant neutral species of O,O2,N,N2,NO,H, and He;
and ion species of O+,O+

2 ,N+,N+
2 ,NO+,H+, and He+. GITM includes chemical reactions involving all the

above species with the known cross sections (Rees, 1989; Schunk & Nagy, 2009). The IT dynamics are
driven by the heliosphere environment (from above) and by the lower atmosphere (from below). All these
influences determine the necessary inputs for the GITM: solar extreme ultraviolet irradiance, high-latitude
large-scale electric fields, and precipitating electron fluxes (in the keV energy range). Our GITM simula-
tions were driven by the F10.7 index for specifying the solar irradiance. The Weimer 2005 model (Weimer,
2005) utilized the OMNI 1-min resolution solar wind data and provided high-latitude quasi-static ionospheric
potentials. The empirical Oval Variation, Assessment, Tracking, Intensity, and Online Nowcasting (OVATION)
Prime model developed by Newell et al. (2009) was used to estimate auroral particle precipitation fluxes.
Empirical atmospheric models Mass Spectrometer and Incoherent Scatter (MSIS) model (Hedin, 1991) and
Horizontal Wind Model HWM (Drob et al., 2008) defined the initial thermospheric background and lower
boundary conditions.

Figure 2. Relative change in Pedersen conductivity for Alfvén waves as
compared to static fields in the frequency ranges of 0.5, 1, 2, and 5 Hz.

To investigate the conductivity ratio 𝜂 changes from a quiet time to a
storm time, we performed modeling of the 13–14 October 2016 storm
with GITM. Figure 3 presents a timeline of the storm in the SYM-H index
and the auroral activity index AE. This strong storm had a double minimum
of SYM-H ∼ −113 nT at about 17:05 UT and SYM-H ∼ −114 nT at about
23:45 UT on 13 October. The AE index increased above 1,600 nT during the
main storm phase.

We use GITM output to calculate relative Pedersen conductivity changes
(𝜂) for different storm phases and local times (LTs). These timings are indi-
cated in Figure 3. The timings a1, b1, and d1 correspond to prestorm
conditions. The timing a2 corresponds to the first storm recovery phase;
b2 and d2 correspond to the second storm recovery phase. These timings
at the recovery phases occurred during geomagnetically disturbed condi-
tions with SYM-H < −60 nT. We will focus on 𝜂 profiles at 60∘ latitude and
a case of 20∘ latitude. The choice of the timings is motivated by our com-
parison of IT effects at about the same locations and LTs but during quiet
and disturbed conditions. GITM output was provided every 1 hr.

First, we compare changes in the ratio 𝜂 at the same daytime of 12 LT
for a quiet-time IT (on 11 October at 18 UT, indicated by a1 in Figure 3)
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Figure 3. Activity indices for the October 2016 storm: SYM-H index (top) and AE index (bottom). Vertical red lines
correspond to: 18 UT on 11 October (a1), 06 UT on 12 October (b1), 22 UT on 12 October (d1), 18 UT on 13 October (a2),
06 UT on 14 October (b2), and 07 UT on 14 October (d2).

and storm recovery phase conditions (on 13 October at 18 UT, indicated by a2). Figure 4a shows a global
map of the differences in total electron content (dTEC) calculated by GITM for these two times to illustrate
ionospheric dynamics. The map is plotted in geographic coordinates. Total electron content (TEC) is the total
number of electrons in a vertical tube of 1-m2 cross section. It is measured in TEC units (TECU) equal to

Figure 4. Difference in total electron content (dTEC) maps for two times
during the October 2016 storm: (a) 11 October at 18 UT and 13 October
at 18 UT, or timings (a1) and (a2) and (b) 12 October at 06 UT and 14
October at 06 UT, or timings (b1) and (b2). Vertical magenta lines indicate
meridians for (a) 12 LT and (b) 20 LT. TECU = TEC units.

1016 el/m2. GITM-derived TEC is the result of integration from the lower
model boundary at about 100 km to the upper model boundary at 600-km
altitude. The magenta line in Figure 4a indicates the 12 LT meridian at
18 UT. The dTEC values strongly vary with latitude and LT (or longitude).

TEC changes are small at the high-latitude location of 60∘ latitude and
90∘ west longitude. Figure 5a presents relative changes in Pedersen con-
ductivity for the quiet conditions (blue) and storm conditions (red) at this
location and LT.

There is an agreement between estimates of the peak value of 𝜂 ≃ 10%
for 5-Hz waves based on altitudinal profiles of IT parameters inferred from
GITM and empirical models. The peak relative conductivity at ∼10% and
its altitude shows little change due to storm driving. However, the storm
time relative conductivity broadens to higher altitudes and wave energy
deposition approximately doubles between 200- and 300-km altitude as
compared to the quiet time. The change is from 4% to about 8% around F
layer at 250 km. Note that we do not account for differences in the wave
and static field magnitudes here.

Next we consider the evening ionosphere at 20 LT in high and middle
latitudes: 60∘ latitude, 145∘ west longitude, and 20∘ latitude, 145∘ west lon-
gitude. Figure 4b shows a difference map between TEC on 14 October at
06 UT (indicated by b1 in Figure 1) and 12 October at 06 UT (indicated by
b2). The magenta line indicates the 20 LT meridian at 06 UT. The selected
longitude is close to the longitude in the panel a. There is a small increase
in dTEC (<10 TECU) at 60∘ and a larger increase (about 30 TECU) at 20∘.
Changes in relative conductivities are shown in Figures 5b and 5c for the
high-latitude and middle-latitude locations, respectively. At high latitudes,
peak values of 𝜂 do not exceed 12%. The quiet time peak is broader in alti-
tude below 250 km, whereas storm time 𝜂 shows relative increase to about

VERKHOGLYADOVA ET AL. 5216



Journal of Geophysical Research: Space Physics 10.1029/2017JA025097

Figure 5. Relative change in Pedersen conductivity based on GITM profiles of atmospheric parameters: (a) at 12 LT at [60N, 90W] on 11 October at 18 UT (blue)
and 13 October at 18 UT (red), for the pair of timings (a1) before the storm and (a2) at the storm recovery; (b) at 20 LT at [60N, 145W] on 12 October at 06 UT
(blue) and 14 October at 06 UT (red), for the pair of timings (b1) and (b2); (c) at 20 LT at [20N, 145W] on 12 October at 06 UT (blue) and 14 October at 06 UT (red),
for the pair of timings (b1) and (b2); (d) at 14 LT at [60N, 120W] on 12 October at 22 UT (blue) and at [60N, 105E] on 14 October at 07 UT (red), for the pair of
timings (d1) and (d2). GITM = Global Ionosphere-Thermosphere Model.

7% around the F layer between 250 and 350 km as compared to the quiet time at about 4%. Note that geo-
magnetic activity at b2 is lower (SYM-H is higher) than at a2 (see Figure 3). At low latitudes (Figure 5c), there
is very little difference between altitudinal profiles of the relative conductivities at quiet time and storm time.
Note that relative conductivity changes reach 30%. The broad peak occurs around 150–250 km in altitude.
This altitude range (at this location and 20 LT) corresponds to a minimum in static Pedersen conductivity pro-
file. Wave-modified conductivity profiles (not included here) show relative increases in this altitude range on
both days and lesser effects at other altitudes.

We chose another pair of timings d1 and d2 to compare with our results for daytime 𝜂 changes in high latitudes
and the same LT but at different longitudes. Figure 5d shows changes in relative conductivity at 14 LT and
60∘ latitude from quiet time (on 12 October at 22 UT, indicated by d1 in Figure 1) to storm recovery (on 14
October at 07 UT, indicated by d2). The peak 𝜂 value is lower at the storm recovery time than at the quiet
time. The parameter 𝜂 increases from about 4% to about 6% at 250 km altitude in the F layer during storm
conditions. It appears that this effect is more pronounced in the afternoon high-latitude ionosphere during
stronger geomagnetic activity in the first recovery phase (Figure 5a and a2) than during a weaker geomagnetic
activity in the second recovery phase (Figure 5d and d2). Thus, the energy deposition rate by Alfvén waves
at high (low) latitudes from E layer to lower F layer is about 10% (30%) higher than energy deposition rate
by stationary electric fields of the same magnitude. These results qualitatively agree with our high-latitude
estimates based on empirical models for the IT parameters. Alfvén waves are typically associated with auroral
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latitudes. However, Lysak et al. (2015) in their 3-D model for ULF waves showed that there is only several tens of
seconds delay between ULF waves reaching the high- and low-latitude ionosphere. Thus, there is a possibility
for the waves to affect IT heating in the middle latitudes.

There is up to twofold increase in 𝜂 in afternoon high-latitude F layer during storm time. It appears that the
relative contribution of Alfvén waves is larger in the instances of increased conductivity. Particle precipitation
can substantially increase local conductivity in the above altitude range and perhaps cause even larger rel-
ative contribution from Alfvén waves to the high-latitude ionosphere heating. Mannucci et al. (2015) using
radio occultation measurements demonstrated that mean electron density increases below 200 km altitude
in auroral nighttime ionosphere are due to precipitation.

4. Estimation of Alfvén Wave Contribution to Energy Budget of the Ionosphere

The relative impact of energy deposition by wave electric fields as compared to energy deposition by static
electric fields can be quantified as 𝜅 = Qw∕Qs and is determined by corresponding electric field magni-
tudes (17) and wave-modified conductivites (15). Since wave-modified conductivity contributes up to ∼10%
changes in high latitudes at daytime and 20 LT, we will investigate if increased wavefield magnitudes during
storm in combination with wave-modified conductivity can cause even larger heating as compared to static
fields. We focus on the lower F layer and the upper E layer, between approximately 150 and 300 km in altitude.
Assuming the wave heating efficiency of 10% for 5-Hz waves at 60∘ latitude, we obtain

𝜅 =
Qw

Qs
=

�̃�P

𝜎P
⋅
⟨|E⟂w|2⟩T|E⟂s|2

≈ 1.1 ⋅
⟨|E⟂w|2⟩T|E⟂s|2

. (18)

To provide estimates of 𝜅 for a specific event we utilize electric fields calculated in GITM for times before
and during the October 2016 storm. Since we focus on 60∘ latitude, the convective (horizontal) electric field√
(|Eeast|2 + |Enorth|2) is nearly perpendicular to the background magnetic field lines. Our GITM estimates at

150- and 250-km altitudes give close values, with storm time values being about 2 orders of magnitude larger
than quiet time ones. Table 1 lists estimated horizontal electric fields for the quiet-storm pairs corresponding
to 12 LT (see Figures 4a and 5a) and 20 LT (see Figures 4b and 5b). These values are the basis for our estimates
for quasi-static electric fields, |E⟂s|2. Since wave processes at timescales of seconds are not modeled in our
GITM setup, Alfvén wave electric fields can not be estimated from the modeling results.

There are several observation-based estimates for electric field magnitudes in Alfvén waves. However, they
refer to measurements made at different altitudes, latitudes, LTs, and frequency ranges. Park et al. (2017)
did a comprehensive study of Alfvén waves in the auroral region based on Swarm measurements at about
500 km altitude. They presented a typical Alfvén waveform of 2-Hz electric field with the estimated wave
magnitude of ∼20 mV/m. Ishii et al. (1992) processed high-latitude observations of the DE 2 satellite at and
above 300 km in a broad LT range. Their Figure 1 showed an example of the horizontal electric field pertur-
bations of ∼25-mV/m magnitude around 11:30 LT and 300 km altitude, which were suggested to be Alfvénic.
Akebono measurements in the nightside auroral oval were analyzed by Nagatsuma et al. (1996). They esti-
mated horizontal electric field wave magnitudes of about 20–30 mV/m but at altitudes above 3,000 km.
Pakhotin et al. (2018) presented an example of wave electric field time series in Swarm measurements at
450-km altitude. The electric field magnitude was about 20 mV/m at frequencies up to 4 Hz in early morn-
ing sector. The measurements were interpreted as signatures of incident and reflected Alfvén waves in
the ionospheric resonator. Unfortunately, none of these satellite-based measurements can be directly used
for estimation of Alfvén wavefield magnitudes in the lower F layer and upper E layer, at selected LTs and
60∘ latitude to compare with the GITM output for quasi-static fields.

Sounding rocket experiments provided detailed measurements of Alfvén waves in the high-latitude F
layer. The Sounding of the Ion Energization Region: Resolving Ambiguities (SIERRA) multiple-payload
experiment investigated substorm activity above the Poker Flat Research Range (PFRR), Alaska on 14
January 2002 at around midnight LT (Klatt et al., 2005). Measurements in the poleward auroral region
indicated presence of Alfvénic wave processes with electric field magnitudes from 20 to 50 mV/m,
with peak values reaching 100 mV/m in the frequency range of ∼0.2 to 2 Hz. Cascades-2 sound-
ing rocket was launched from the PFRR on 20 March 2009 into the auroral region with the apogee
of 564 km. It carried two Cornell Wire Boom Yo-yo (COWBOY) electric/magnetic field subpayloads
(Lundberg et al., 2012). Their observations indicated a correlation between measured electric fields of
about 300 mV/m at ∼8 Hz in the F layer and Alfvénic aurora. Lynch et al. (2012) analyzed Alfvénic
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Table 1
Horizontal Electric Field Estimations From GITM at 60∘ Latitude

Time Quiet time value, mV/m Storm time value, mV/m

12 LT (18 UT) 0.25 (11 Oct.) 46 (13 Oct.)

20 LT (06 UT) 0.60 (12 Oct.) 30 (14 Oct.)

Note. GITM = Global Ionosphere-Thermosphere Model.

structures in the nightside auroral poleward boundary. They reported
observations of large-amplitude Alfvén waves at 100s mV/m and about
8 Hz. These waves were coincident with electron precipitation and were
likely related to electron acceleration. The Magnetosphere-Ionosphere Cou-
pling in the Alfvén Resonator (MICA) was launched from the PFRR on 19
February 2012 with the apogee of ∼325 km. Lynch et al. (2015) investigated
small-scale structuring of aurora and analyzed electric field measurements
in auroral arcs at about 67∘ latitude. Electric fields with magnitudes between
20 and 40 mV/m were observed within the arcs.

We consider the electric field wave magnitude estimates from these studies to be the best currently available
and adopt them here. For a first-order estimate we consider a range of electric field magnitudes in Alfvén
waves at Hz frequencies (|E⟂w|) in the high-latitude lower F layer from about 20 mV/m to about 100 mV/m,
depending on latitude, altitude, and LT. We obtain with (18): 𝜅 ≈ 1.1 ⋅ |20 mV/m|2

|40 mV/m|2 ≈ 0.28 as a conservative esti-

mate. Thus, energy deposition by Alfvén waves in high latitudes during storms can reach about 30% of the
energy deposition contributed by conventional Joule heating. This does not account for the spatial extent of
Alfvén waves and is applied to a local energy deposition rate assuming average conductivity. However, this
initial estimate provides an important benchmark to inform future work. We expect the wave heating effi-
ciency to increase near conductivity peaks in the auroral zone where electric field wave magnitudes can reach
100s mV/m. For consistent estimates the wave-modified conductivity profiles need to be calculated for spe-
cific locations and LTs. Substorm conditions are not modeled in our global GITM setup and actual background
electric fields during auroral activity can be higher. We interpret the Alfvén wave energy deposition estimates
provided here to be conservative. Careful investigation of energy deposition rates in different latitudes and
LTs with regional modeling is subject of future study.

5. Discussion and Conclusions

Energy deposition in the high-latitude IT system, its efficiency and mechanisms, has global impacts on the IT
system, and is at the forefront of research. This topic is closely related to the overall understanding of coupling
processes in the geospace. Our study contributes to the discussion of MIT coupling at mesoscale and small
scale and localized energy deposition (see, for instance, Chaston et al., 2005; Huang et al., 2016; Keiling et al.,
2003; Luhr et al., 2004). It has been established that Alfvén waves play an important role in MIT coupling
(Lotko, 2004, 2007; Lysak, 2004, 1999; Lysak & Song, 2006; Lysak et al., 2013; Yoshikawa et al., 2010, 2011).
Solar wind conditions strongly control Alfvén wave fluxes (Hatch et al., 2016). Alfvén waves are also closely
related to electron acceleration in the high-latitude ionosphere and broadband aurora, which is dependent
on solar wind driving (Newell et al., 2009). Thus, there is a need to clarify how do wave magnitudes change
while propagating down into the ionosphere under different driving conditions. Quantifying efficiency of
wave energy deposition and its dependence on changing IT parameters is important to improve estimations
of localized heating and neutral density changes, especially in the cusp and auroral zones.

The paper analyzes energy deposition by Alfvén waves in the frequency range from 0.5 Hz to several hertz in
the collisional ionosphere. These are propagating waves at higher frequencies (above 0.5 Hz) than waves typ-
ically trapped in the ionospheric resonator. An analytical expression for Alfvén wave energy deposition (17),
(15) is derived. This simple approach is useful in that it shows explicity how Alfvén wave energy deposition
depends on IT parameters and wave characteristics. The deposition rate in situ is defined by a wave-modified
Pedersen conductivity and magnitude of the Alfvén wave. These two factors are evaluated separately. First, we
compared energy deposition by waves and static fields assuming the same field magnitudes in the frequency
range from 0.5 to 5 Hz.

Estimates for the wave-modified conductivities are based on empirical models for the ionosphere and thermo-
sphere and GITM global run output for the 13–14 October 2016 storm. Higher-frequency waves show greater
sensitivity to changes in the ionospheric conductivity. The maximum efficiency of wave energy deposition
in comparison with energy deposition by a static field of the same magnitude is estimated to be about 10%
(up to 30%) for 5-Hz waves in the high-latitude (low-latitude) E layer at roughly 150 km. Deposition rate
depends on latitude and LT. Though not large, this effect can alter IT dynamics. Deng et al. (2011) with GITM
modeling showed that increased heating at around 150 km altitude can lead to efficient neutral density
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increases at F-layer altitudes. This estimate does not account for potentially large localized changes in back-
ground density of the E layer due to precipitation at high latitudes, which can affect efficiency of wave
energy deposition.

Estimations based on GITM modeling of the IT system during the storm showed that the wave heating effi-
ciency can vary with the level of geomagnetic activity, latitude, LT, and altitude. There is a tendency for the
wave heating efficiency to increase in the daytime high-latitude F layer during the storm main phase and with
the wave frequency (within the studied range). Relative changes in the wave-modified conductivity before
the storm and during the storm were several percent (Figure 5a). This small effect can have implications for
ionospheric dynamics and ion outflow, since relatively small changes at about 300 km can have an impact on
the neutral density distribution and possibly heating of the daytime cusp (Deng et al., 2013; Luhr et al., 2004).

After that we provided an approximate estimate of Alfvén wave energy deposition as compared to static
fields from the GITM output. We based our estimates of wave electric fields in the Hz frequency range on
representative measurements in the IT. None of the measurements matched exactly the locations and LTs of
interest, but these value were used as first-order estimates. It is shown that during the October 2016 storm,
estimated Alfvén wave energy deposition reaches about 30% of the value of static Joule heating albeit likely in
localized regions.

There are several caveats to the study. We estimated in situ energy deposition by waves of fixed magnitude.
Further study will necessarily include calculation of accumulated energy loss by Alfvén waves and subsequent
decrease in magnitude of the wave as it propagates to lower altitudes. Another important development is to
perform regional runs of GITM with high horizontal resolution to capture background electric field structur-
ing and provide better estimates of the static field in different LT ranges. Further study is needed to provide
a localized estimate in a structured auroral zone by using either empirical model or measurements of par-
ticle precipitation fluxes to infer in situ conductivity. Ultimately, Alfvén waves can be included into upper
boundary driving of regional GCMs with high horizontal resolution to resolve ionospheric structures down to
tens-of-kilometers size and contribute to understanding of MIT coupling at the mesoscale.

According to our analyses, local IT parameters and Alfvén wave magnitudes determine the impact of
wave-induced heating on the IT system. In the paper we study enhanced heating of the ionosphere due to
Alfvén wave dissipation. We consider Alfvén wave magnitudes that have been measured during geomag-
netic activity, but we do not analyze changes in Alfvén wave magnitudes during such times. In a future
study we will utilize in situ wave measurements together with GITM modeling to perform detailed case stud-
ies of wave energy deposition during recent storms. We plan to take into account contributions from both
storm-enhanced wave generation and wave absorption to the IT heating in a broad frequency range. Another
line of study can be an analysis of energy deposition by propagating Alfvén wave packets. We would like to
note that energy deposition by Alfvén waves strongly depends on local conductivity. Investigation of effects
of local conductivity increases due to particle precipitation is the subject of future study.
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