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Abstract Motions of neutrals and ions in the thermosphere-ionosphere (T1) do not, generally, coincide
due to the presence of the geomagnetic field and associated electromagnetic forces affecting plasma.
Collisions of ions with gravity wave (GW)-induced motions of neutrals impose damping on the latter. We
derive a practical formula for the vertical damping rate of GW harmonics that accounts for the geometry of
the geomagnetic field and the direction of GW propagation. The formula can be used in parameterizations
of GW effects developed for general circulation models extending from the lower atmosphere into the
mesosphere and thermosphere. Vertical damping of GW harmonics by ion-neutral interactions in the Tl
depends on the geometry of the geomagnetic field but not the strength of the latter. The ion damping of
harmonics propagating in the meridional direction (in the geomagnetic coordinates) maximizes over the
poles and reduces to zero over the equator. Waves propagating in the zonal direction are uniformly affected
by ions at all latitudes. Accounting for the anisotropy produces changes in the GW drag in the F region of
more than 100 m s~ d~', cooling/heating rates of more than 15 K d~', and in GW temperature variance of
disturbances by more than 5 K.

1. Introduction

It has been long known that the thermosphere is routinely disturbed by gravity waves (GWs) propagating
from below. In some cases, the sources of strong wave activity in the thermosphere-ionosphere can be traced
back to various phenomena in the troposphere, like severe storms (Hung et al., 1979), tsunami (Artru et al,,
2005; Garcia et al,, 2014; Hickey, 2011), deep convection (Miller et al., 2015), or flow over mountains (de la Torre
et al, 2014). Modeling studies have demonstrated that GWs of various scales excited in the troposphere can
effectively propagate to the upper thermosphere surviving filtering in the middle atmosphere and damping
by exponentially growing with height molecular diffusion and thermal conduction (e.g., Fritts & Lund, 2011;
Gavrilov & Kshevetskii, 2013; Heale et al., 2014; Yigit et al., 2009). There are indications that GWs from sources
in the troposphere can also excite secondary waves that can reach the thermosphere-ionosphere (Tl) region
(Vadas & Crowley, 2010). Over the last decade, investigations have revealed that these waves not only create
high-altitude signatures of various processes occurring in the lower atmosphere but greatly contribute to the
momentum and energy budget of the middle and upper thermosphere, similar to their effects in the middle
atmosphere (e.g., see Yigit & Medvedev, 2015 for a review). They affect the zonal mean thermospheric circu-
lation (Miyoshi et al., 2014; Yigit et al., 2009, 2012), temperature (Yigit & Medvedev, 2009), thermal tides (Yigit
& Medvedeyv, 2017), alter thermospheric variability (Forbes et al.,, 2016; Yigit et al,, 2014) and play a signifi-
cant role during sudden stratospheric warmings (Goncharenko et al.,, 2013; Liu et al., 2013; Yigit & Medvedev,
2012; 2016). Obviously, the influence of small-scale GWs of tropospheric origin must be taken into account,
if one wants to understand the energy and momentum budget of the thermosphere and better reproduce
its dynamics.

The upper atmosphere is a partially ionized fluid comprising the neutral thermosphere and the ionosphere,
which is the ionized component. The primary interactions between neutrals and ions occur through collisions.
If there were no geomagnetic field, motions of ions would be driven by the much more abundant neutrals, and
their dynamical response to GW disturbances in the thermosphere-ionosphere (TI) would be very similar to
that of other atmospheric trace gases. In the presence of Earth’s intrinsic magnetic field, GW-induced motions
of the ionized component are affected by electromagnetic forces and may, generally, not coincide with that
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of neutrals. This mismatch gives rise to an additional force—ion drag —that neutral motions associated with
GWs experience in the thermosphere. There is a multitude of magnetohydrodynamic (MHD) phenomena
associated with a passage of GWs in the TI. In this paper, we focus on dissipative effects caused by ion drag on
GWs. This dissipation due to ion friction controls attenuation of small-scale waves during their vertical propa-
gation, determines how high GW harmonics penetrate into the T, and defines the rate, at which they supply
momentum and energy to the larger-scale flow.

Studies of GW propagation in the ionosphere started already in the 1950s. In part, they were motivated by
the discovery of traveling ionospheric disturbances (TIDs) (Munro, 1950), which have been identified as a
manifestation of GW-induced disturbances of neutral winds. TIDs are routinely observed in the ionosphere,
especially by incoherent scatter radars, and their relationship to GWs have been studied by a number of
authors (e.g., Hocke & Schlegel, 1996; Kirchengast, 1997). The main theoretical results concerning the influ-
ence of ion drag on acoustic-gravity waves have been obtained in the works of Hines (1955), Liu and Yeh
(1969), and Hines and Hooke (1970), and further extended in the papers of Francis (1973), Hickey and Cole
(1987), Miesen et al. (1989), and Miesen (1991). They derived dispersion relations of various complexities
for acoustic-gravity waves in the presence of ion drag and magnetic field. Some of these works analytically
explored peculiarities of GW propagation affected by ion friction. Understandably, the analytical calculations
were tractable only under very idealized conditions and the derived formulas were cumbersome. Therefore,
these works only demonstrated some characteristics of GW propagation in certain directions. Klostermeyer
(1972) attempted numerical simulations with a linearized wave model under more realistic conditions, thus
allowing for comparison with observations deduced from ionograms.

The increasing interest in the influence of ion friction on GWs is associated with the need for accounting for
dissipative effects in GW parameterizations in order to gain a more precise description of wave propagation in
the whole atmosphere system. Essentially, wave obliteration is a major physical process through which waves
impact the mean flow. Present-day general circulation models (GCMs) extending to the thermosphere still do
not sufficiently resolve small-scale GWs, despite the tendency to increase grid resolutions. Therefore, effects
of subgrid-scale waves have to be parameterized in models. Any physically based GW scheme must quantify
vertical damping rates, including those due to ion friction. To the best of our knowledge, the only parameter-
ization employed in “whole atmosphere” GCMs that accounts for ion drag is the nonlinear spectral scheme
developed in the work by Yigit et al. (2008) (see the paper of Yigit and Medvedev, 2017, for the most recent
application in the Coupled Middle Atmosphere Thermosphere-2 GCM). Sometimes, this scheme is referred to
as the whole atmosphere GW parameterization in analogy with whole atmosphere GCMs. There, attenuation
of GW harmonics by ion-neutral collisions was treated in a simplified form that neglected the shape of the
magnetic field as well as the geometry of wave propagation (Yigit et al., 2008, section 3.4). The purpose of this
study is to derive a general but practical representation of geomagnetic influence on GWs suitable for use in
GW parameterizations.

This paper is structured as follows: In section 2, we review the physics of ion-neutral coupling and introduce
the basis for further parameterization of GW dissipative effects in the ionosphere. The mathematical develop-
ment leading to the parameterization of the vertical damping rate due to interactions with ions is described in
section 3 and discussed in a broader context in section 4. Section 5 outlines the whole atmosphere GW param-
eterization and its settings. Results of the calculations are given in section 6. Conclusions are summarized
in section 7.

2. Interaction of lons and Neutrals in Gravity Wave Motions

In general, the momentum balance for a particle of species “s” with the mass density p; moving with the
three-dimensional velocity v, can be represented in a compact form by (Yigit, 2017, Equation 5.10)

dv, 1

E:-p—Vps+g+F—szj(vs—vj), 1)

S )

where the first two terms on the right-hand side are the pressure and gravitational forces, respectively. F
encapsulates all other nonelectromagnetic forces (per unit mass) that include, in particular, diffusion and Cori-
olis force 2pv, X Q, Q being the planetary angular rotation frequency. The material derivative of the wind
velocity dv,/dt = dv,/dt + (v, - V)v; may also include nonlinear terms that arise due to planet’s curvature,
when written in spherical coordinates. The last term in (1) accounts for the momentum transfer to the particle

"o

species “s” due to collisions with all other particle species denoted by “j".
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Following the above generalization, the starting point of our consideration is the momentum equation for a
neutral gas in the presence of collisions with ions and electrons

dv

Pdr

where theindicesiand edenote variables forions and electrons, correspondingly; neutral variables are written

without indices; p, p, and v = (u, v, w) are the neutral mass density, pressure, and the wind velocity, respec-

tively; g = (0,0, —g) is the acceleration of gravity. In the context of neutrals dynamics, the last two terms in the

right-hand side of (2) describe ion-neutral and electron-neutral momentum exchanges, respectively, where

vin and v, are the effective collisional frequencies of ions and electrons with neutral particles, respectively.

Conservation of momentum requires that p;vi, = pv,,; and pven, = pVpes Where v, and v, are the effective

collisional frequencies of neutrals with ions and electrons, respectively. Note that these pairs of frequencies
can be used alternatively, but, in general, they are not symmetric quantities, that s, v; # v;.

= _Vp_pg+/7F_PIV|n(V_V,) _peven(v_ve)v (2)

If v;and v, are known, equation (2), complemented by the continuity and thermodynamic equations, will rep-
resent a closed set for neutral field variables. Without electromagnetic forces, collisions would rapidly equalize
velocities (v; = v, = v), and motions of charged components would not differ from those of neutrals, as in
the case with passive atmospheric trace gases. In the presence of the geomagnetic field, this is no longer the
case. Hence, one has to explicitly consider momentum equations for ions and electrons. The latter can be sim-
plified, because ion and electron pressure, buoyancy, and Coriolis forces are much weaker than the Lorentz
force, and their time derivatives can be neglected for phenomena with spatial scales longer than some tens
of meters and frequencies below the radio range, yielding the following relations for the electron and ion
momentum balances (e.g., Vasylinas, 2012, section 3.2):

0 =—pVin(V; = V) = pvie(Vv; — V) + en,(E + v; X B), (3)
0 = —pVen(V, — V) — pVei(V, — V;) — en,(E + v, X B). (4)
In (3) and (4), it is assumed that the ions are single charged, that is, e, = —e, = e, where —e is the charge of an

electron; n, and n; are number density of electrons and ions, correspondingly; E and B are the electrical and
magnetic (induction) field strengths, respectively.

Combining equations (2), (3), and (4) yields

p%=—Vp+pF+p'E+JXB, (5)
where J = e(n;v; — n,v,) is the microscopic current density and p’ = e(n; — n,) = 0 under the assumption of
quasi-neutrality (n; = n, = n) of ionospheric plasma. Note that the terms describing mutual drag between
any pair of particles in (2)-(4) must be equal in magnitude and have opposite signs due to conservation of
momentum. Then, after summation, these internal friction forces cancel each other, because the momentum
exchanges between parts of the system do not change the total momentum of the system. Equation (5) repre-
sents an alternative to (2) formulation, in which the “ion” drag due to the relative drift of neutrals and charged
particles is replaced with the Ampeére’s force J x B associated with the electric current due to the mismatch of

ion and electron velocities v; — v, # 0.

The generalized Ohm’s law relates the current density J with the electric field E that includes also the portion
induced by a motion of charged particles in the magnetic field B.

O,
J=0/E +0,E+VxB), + LBX(E+VxB), (6)

where o, 0, and o}, are the parallel, perpendicular (Pedersen), and Hall conductivities, respectively; E; and
E, are the components parallel and perpendicular to B, correspondingly; v X B accounts for the induced
dynamo field owing to the relative motion of the neutrals; B = (B - B)'/2 is the magnitude of the vector B. The
term with o) vanishes, when (6) is substituted into (5), because E, does not contribute to J x B. For analyzing
contributions of the other terms, we consider the expressions for 6, and o}, (e.g., Yigit, 2017, equations (3.55)
and (3.56))

6, = e’n, + L , )
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where oy, = eB/m, and o, = eB/m; are gyrofrequencies (or cyclotron frequencies) of electrons and ions,
whose masses are m, and m;, correspondingly; and v, = v,; + v, represents total collision frequencies expe-
rienced by electrons due to the presence of ions and neutrals. In the F region, the ions and electrons are
magnetized; that is, the gyrofrequencies greatly exceed the corresponding collisional frequencies: wg; > v,
(~300 57" versus ~10s7"), and g, >> v, (~107 57" versus ~10° s7"). This simplifies (7) and (8) to

PiVin _ PVni
N = ©)

and

oy =0.
More precisely, 6, > o,, above ~120 km. Below this height, 5, exceeds o, (e.g., Kelley, 2009, Figures B.2-B.6).

Because our focus is on waves, all the hydrodynamic equations must be linearized around an appropriately
defined mean. The electromagnetic variables in (5) and (6) must also be split into the mean and deviations.
For Earth, a good approximation for the mean isE = 0 and B = B, where bars denote the mean, and
B, is the undisturbed geomagnetic field. To close the set of equations for deviations describing the MHD
system, accordingly linearized Maxwell’s equations must be added. Such system will describe additional mag-
netogravity wave modes, and the corresponding dispersion equation will have higher order in frequency. For
further understanding processes in the Tl described by this system, it is instructive to consider the physical
causation. In the absence of GWs, ions and electrons gyrate around the magnetic field lines producing no
macroscopic electric current. When a GW disturbance v’ arrives from below, it induces the electric current
J' = v/ xB,, which s created by the charged particles drifting along the magnetic lines (while continuing their
gyration). Disturbances J' trigger GW-induced variations of E’ and B’ that, in turn, feed back to the hydrody-
namic GWs via the Ampére force. This consideration can be simplified, if only the geomagnetic influence on
the GW propagation is of primary interest. Hines (1955), Miesen et al. (1989), and Miesen (1991) reported that,
for typical ionospheric conductivities, the electromagnetic and hydrodynamic parts are weakly coupled in
the sense that the induced variations of the electromagnetic field weakly affect the hydrodynamic variables.
Therefore, terms containing E’ and B’ can be neglected, and only the dynamo-part term v’ xB, X By, is retained
in (5). Of course, if generation of electromagnetic disturbances by GWs is of interest, the Maxwell equations
cannot be decoupled (e.g., Pogoreltsev, 1996). Thus, together with (9) and neglected o, the right-hand side
of the linearized equation (5) describing the geomagnetic influence on GWs takes the form

Jx B~ o,V XByxBy=—pv, [V —(V-b)b), (10)

where b = B,,/B is the unit vector in the direction of the magnetic field. See also (A2) in Appendix A.

It is immediately seen from (10) that, in the first approximation, the ionospheric feedback on GWs depends
only on the geometry of the magnetic field but not on the field strength. Further physical understanding can
be gained from comparison of (10) with the collisional terms in the right-hand part of (2). These two terms
coincide if collisions with electrons are neglected in (2) compared to those with ions, and the ion velocity is
induced by (and equal to) the projection of GW wind oscillations v’ on the direction of the magnetic field.
Note also that (10) represents a compact form of the term considered by Liu and Yeh (1969). Unlike in the latter
paper, where the solution was obtained for only harmonics propagating in two specific directions, our goal
is to develop a practical parameterization that can be applied to all directions and used with all GW schemes.
We pursue this task in the next section.

3. Parameterization of Vertical Damping Rates

We first introduce certain physically suitable simplifications. One assumption deals with the shape of the geo-
magnetic field, which can be closely approximated by a dipole in the F region ionosphere. In the geomagnetic
coordinates, which are used in this section, this means that b = (0, b,, b,). If y is the angle between the local
vertical and the unit vector b, then the components b, = siny and b, = cosy can be substituted into (10).
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Next, we adopt the hydrostatic approximation (dp/dz = —pg), thus filtering out acoustic waves. Also, we con-
sider only midfrequency GW harmonics with frequencies much greater than the local Coriolis frequency, but
much smaller than the buoyancy frequency: f < @ < N. These assumptions are typical for GW parameteri-
zations that are currently in use (e.g., Fritts & Alexander, 2003; Medvedev & Klaassen, 1995, 2000; Yigit et al.,
2008). Thus, the momentum equation (5) supplemented by the thermodynamic and continuity equations rep-
resents a closed set of equations governing the GW dynamics (hereafter, primes are dropped for disturbances,
unless otherwise explicitly stated)

du 10p
— 4+ —Z4v.u=0, 11
dt  py ox Vi an
dv 1 ap 2 .
—+ —— (vcos“y —wcosysiny) =0, 12
dt+poay+V”'(v y —wcosysiny) (12)
op in? iny)=0 13
E+pg+ﬂovni(wsm y —vcosysiny) =0, (13)
dp 9y
— 4t W— = O’ 14
dt 0z (14)

dpow
W, ovy 1y, (15)
ox dy p, 0z

Note the form of the continuity equation (15), which differs from the usual one under the anelastic approx-
imation, but coincides with the equation in (log)-pressure coordinates. Equation (15) is consistent with the
midfrequency approximation, simplifies the derivation, and does not affect the sought after result—the
expression for the damping rate by ion friction. In the above equations, p, = p,(2) is the background-neutral
density. Density disturbances p can be eliminated by applying d/dt to (13) and substituting the result
into (14):

0 d
ddp _ Po -%(wsinzy—vcosysiny)zo. (16)
Equations (11), (12), (15), and (16) represent a set for u,v,w, and p. Assuming that wave disturbances are
composed of plane wave harmonics ~ exp [i(kxx+kyy+mz—cot) ,where @ is the frequency and (k,, k,, m) are

the horizontal and vertical components of the wave vector k, we find a dispersion relation for GWs affected
by the magnetic field by equating the determinant of the matrix to zero

—id + vy 0 0 ipy 'k,
0 —i®+ v,;cos?y —v_ cosysiny ip-'k
det , e " L, 22 |=o 17)
0 iva@cosysiny N* —ivyu@sin®y map;’
ik, ik, im—H" 0
In(17), ® = o — k@ — kv is the intrinsic frequency, H!' = —[pa‘d,oo/dz]‘1 is the scale height and

N? = —(g/p,)(dp,/dz) is the square of the Brunt-Vaisald frequency under the Boussinesq approximation. The
dispersion relation (17) has to be solved for the complex vertical wave number m = m,+im;, where the imagi-
nary part m; would give the sought after vertical damping rate. The analytical solution of (17) is cumbersome.
Instead, we note that v,; < @ at F region heights (except in the vicinity of critical levels @ — 0). This allows for
introducing a small parameter € = v,,;/®. Because the determinant is equal to zero, all terms in a row or col-
umn of the matrix can be multiplied or divided by the same nonzero quantity. Performing such algebra with
rows and columns of (17), we transform the latter to a more compact form:

-1 —ie 0 0 k,
0 —1-iecos’y iecosysiny k,
e =0 (18)
0 —iecosysiny = —iesin®y m
i
k, k, m+ - 0

If ¢ = 0 and there was no term containing the scale height H, the matrix (18) would be pure real and sym-
metric. More generally, it would be Hermitian, that is, whose real part is symmetric and the imaginary part is
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antisymmetric. Hermitian matrices describe conservatively propagating waves, while effects of growth and/or
attenuation are associated with non-Hermitian parts. In the case at hand, the non-Hermitian term contain-
ing H describes wave amplitude growth with height due to density stratification. If € # 0, the geomagnetic
effects contribute to the Hermitian part (antisymmetric nondiagonal terms) and to the non-Hermitian one
(the diagonal imaginary terms). Thus, one can expect from the mathematical form of the matrix (18) that the
geomagnetic effects modify the conservative propagation as well as introduce dissipation.

We proceed with the mathematical development further and calculate the determinant (18) retaining only
the terms not higher than O(e):

Nzkﬁ m im
—i +<im2—ﬁ>+5[—(m2+ﬁ)(1+coszy)—kﬁsin2y—

ik, cosy siny
LA

2 2 2 —
o k< cos y+ky>]_0,

@? d

(19)
where kf] = kf + k; denotes the squared total horizontal wave number. Equation (19) encapsulates a set of
the quadratic with respect to the vertical wave number equations for real and imaginary parts. Relying on the
smallness of £, one can seek the solution of (19) in the asymptotic form by assuming m = my+em, +&*my+...,
where my = my, +imgy;, m; = m,, +im,;, etc. Substituting the above expansion into (19) and equating to zero
separately the real and imaginary parts, we obtain in the zeroth order O(£°) (essentially, from the first line of
(19) the familiar solution for GWs:

My =——— (20)

MR
v= " T aE
Equation (20) accounts for the exponential growth of wave amplitudes with height due to density stratifica-
tion, while (21) represents the dispersion relation for GWs propagating without dissipation.

m

(21)

In the first order in g, the solution of (19) is

ky
m,, = cosysiny, 22
"= ImoH ysiny (22)
2 cinl
1 A2 ( oy kg sin®y
m,; = — (kZ + k2 cos )+ 23
VT 2mg, @2 XY 4 2m,, (23)

It is seen that geomagnetic effects alter propagation characteristics of GWs in the first order of £ (22) and
introduce a vertical damping with the rate m,;. Most of GW parameterizations, including those of Yigit et al.
(2008) and its predecessor for middle atmosphere GCMs (Medvedev & Klaassen, 1995, 2000), consider only
short vertical-scale harmonics with m H > 1.For such harmonics, the correction (22) to the dispersion relation
can be neglected. Similarly, the zeroth order in € (undisturbed) dispersion relation (21) simplifies to

2
or

N2

m .
@2

(24)

Next, we explore the ratio between the second and first terms in the right-hand side of (23) using (24) for my,.
Except for harmonics propagating along the geomagnetic meridian (k, = 0, k, # 0) in the narrow vicinity of
the magnetic equator (siny — 1), the second term is much smaller than the first. Therefore, it can be neglected
compared to the first term. Thus, we arrive at the imaginary part of the vertical wave number m; = em;;

k? + k? cos’y
~ VnimOr X y
m; & 2% kﬁ , (25)

which defines the vertical damping rate acting on the wave amplitude.

4. Implications of the Physical Assumptions

Before proceeding further, we discuss the obtained results along with the used approximations and limita-
tions. Equation (23) shows that, to the first order of € = v,;/@®, only the diagonal terms of the matrix (17) (or its
equivalent (18) contribute to the wave damping. Among them, damping of the vertical wind is much weaker
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than that of the horizontal wind variations and GWs can still be considered hydrostatic for parameterization
purposes. The nondiagonal terms containing v,; (and, thus, associated with geomagnetic influence) describe
forces acting perpendicular to displacements. These forces are, therefore, conservative in the sense that they
do not contribute to GW dissipation. This formalism helps in exploring the consequences of the neglect of the
term with the Hall conductivity o}, in the generalized Ohm’s law (6). In addition to 6, being small compared to
o, in the F region, there is another reason for that. Taking the term (6;,B, X v X B, X By) into account results in
additional antisymmetric nondiagonal imaginary terms and zero diagonal part. In other words, effects asso-
ciated with the Hall conductivity do not contribute to GW dissipation. They describe forces that are directed
perpendicular to the components of wave-induced wind fluctuations, similar to the Coriolis force. These forces
are important for large-scale and low-frequency waves in the D and E region of the ionosphere (e.g., Kaladze
etal., 2007) but are irrelevant for GWs under the midfrequency approximation.

The other exploited assumption was the dipole structure of the geomagnetic field, that is, equating the (geo-
magnetic) longitudinal component b, in b = (b,, b, b,) to zero. During magnetic storms, however, the dipole
can be greatly disturbed, and b, may no longer be zero. If the parameterization is to be extended for these
cases, the term b, must not be neglected. Given that the off-diagonal terms do not contribute to wave dissipa-
tion, it is sufficient to include only the diagonal terms, in particular, in the second row of (17) (see the second
equation in (A1). The derivation can be repeated, and the final result will be similar to (25) but with a modified
form factor, that is, the ratio containing k, and k,.

This form factor describes the dependence of the vertical damping on the azimuth of wave propagation. For
harmonics traveling in the zonal direction (k, = 0, meridional wind fluctuations v = 0), ion friction is inde-
pendent of latitude (cf. (11). Contrary to that, damping of harmonics propagating in the meridional direction
(k, = 0, wave disturbances u = 0) depends on the magnetic field dip angle y (cf. (12). Note that the magnitude
of the derived vertical damping rate (v,;m,, /@) coincides with that used in the parameterization of Yigit et al.
(2008, equation (16)), except for the factor 2 that was related to the convention adopted in the latter paper.

We next turn to the consequences of the derived expression for the vertical damping rate (25) by performing
calculations with the whole atmosphere GW scheme, which is outlined in the next section.

5. Whole Atmosphere Gravity Wave Scheme

This GW scheme and its development were described in detail in the works of Yigit et al. (2008) and Yigit and
Medvedev (2013). It has been widely applied in “whole atmosphere” GCMs for Earth (e.g., Yigit & Medvedev
2010; Yigit et al., 2016, and references therein) and Mars (e.g., Medvedev et al., 2011, 2013, 2015, 2016;
Medvedev & Yigit, 2012), and has been used to interpret gravity wave observations on Mars (Yigit et al,, 2015).
Within the framework of the scheme, the equation for vertical evolution of the horizontal momentum flux
(per unit mass) u'w” is solved under the midfrequency approximation and relatively small vertical wavelength
(mgy,H > 1). For a GW harmonic j from a broad spectrum, the equation takes the form

du'w’; )
J pOz
dz <_ Po _ﬁ{m)u,w’j’ 2o

where primes are reinstated for wave variables, overbars designate averaging over spatial and temporal scales
exceeding those of GWs (coarse graining), and the total vertical damping rate represents the sum of damping
rates due to all dissipative mechanisms acting on the harmonic in the thermosphere:

Proe = Bron + B, o+ Py + ﬂ/eddy + 4, +etc. 27)

The damping rates in the right-hand part of (27) are, correspondingly, due to nonlinear breaking/saturation,
molecular diffusion and heat conduction, radiative damping, eddy diffusion and heat conduction, and ion
drag. After specifying boundary values of u'w’(z,) at a source level z, in the lower atmosphere, equation (26)
is solved upward for individual harmonics in the spectrum, while nonlinear interactions between them are
accounted for in f,,, after the parameterization of Medvedev & Klaassen (1995, 2000). Without dissipation,
the wave propagates upward conservatively (p,u’w’ = const). A given dissipating harmonic (ﬂ{Ot # 0) deposits
its momentum to the mean flow, thus producing the dynamical forcing (wave drag) g; in the direction of its
propagation:

d(pou'w’))
0
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Thermal effects of dissipating GWs include heating £; due to irreversible con-

Form-factor
o o o
N [o)] [o]

o
S

version of mechanical energy into heat, and differential heating/cooling Q; by
inducing a downward sensible heat flux. The expressions for the heating rates
(inKs~") are given after (Medvedev & Klaassen, 2003; Yigit & Medvedeyv, 2009)

p oG- H_ 9

IT T 9T 2pRaz

lposyt; o). 29)

0
-90

Figure 1. The latitudinal distributions of the form factor
(cos2 a + sin? a cos? y) from equation (30) for three characteristic

-60

0
70‘_220 where ¢, is the specific heat at constant pressure and R is the gas constant.
a=
‘ ‘ 6. Results of Calculations
30 60 90
Latitude, deg Using the expression for the imaginary part of the vertical wave number (25)

and the dispersion relation (24), we can conveniently represent the vertical
damping rate due to ion friction in the form

propagation azimuths a with respect to the geomagnetic parallel:

a = 90° (pure meridional propagation, red), « = 60° (blue) and ﬂj _
a = 30° (green). For harmonics propagating zonally (a = 0°), ion

the form factor is unity.

= V”‘N_ (cos’a+sin®acos’y), (30)

kylc; —al?

where «a is the azimuth angle (counted counterclockwise from the direction

to east) and cos? y is determined by the shape of the geomagnetic field. The

coefficient 2 in the denominator of (25) cancels out, because ﬂl/on acts on the quadratic with respect to

the amplitude quantity. In the first approximation, the geomagnetic field in the F region is a dipole B =
(0, B cos ¢, —2B, sin ¢p), where ¢ is the geomagnetic latitude. Therefore,

B 4sin?¢

- (31
B2 1+3sin?¢

costy =

The expression in the brackets in (30) together with (31) gives the dependence of g, on latitude and prop-
agation azimuth of the harmonic. This “form factor” is illustrated in Figure 1 for harmonics over the equator
(cos? y = 0) traveling at three characteristic azimuths a: 90° (propagation along the geomagnetic meridian),
60° and 30°. It is seen that damping by ion friction maximizes over the geomagnetic poles (i.e., the form factor
of 1) and reduces over the equator. For harmonics traveling in the north-south direction (along the horizon-
tal projection of the geomagnetic dipole), damping by ion friction fully vanishes over the equator. The ion
damping acting on harmonics traveling at « = 60° and 30° decreases to ~25% and ~75% of the maximum
value over the poles, correspondingly.

How much do these variations of g, affect vertical propagation and dissipation of GW harmonics as well
as the resulting dynamical and thermal effects? To demonstrate this, we present results of calculations with

350

300 -

250 ¢

200 -

Altitude, km

150 |

100 |

300 600 900 1200 1500 107 10° 10° 10'°10'"10'210"® 108 107 10 10° 10 10% 102
Temperature, K n,m?o v g
e ni’
Figure 2. Input profiles used in the calculations: zonally averaged (a) temperature, (b) electron number density n, from
the International Reference Atmosphere (IRl) model, and (c) the calculated neutral-ion collision frequency vy;.
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Figure 3. Profiles of the (a) GW drag, (b) cooling/heating rate, and (c) the square root of temperature variance calculated
for F = 1 (green), 0.5 (blue), and 0 (red). (d-f) The corresponding differences between the calculations with the reduced
ion friction (F=0.5and 0) and F = 1.

the GW scheme outlined in the previous section. We used the approximation v,; = 7.22 x 107177%%¢,
(Klostermeyer, 1972) for the neutral-ion collisional frequency v,;, where the electron number density e; and
neutral temperature T were taken from the International Reference lonosphere (IRI) model (Bilitza, 2015) at the
equator during an equinox for moderate solar activity conditions (F;; = 130 x10722 W m~2 Hz "), Figure 2
presents the vertical profiles of zonally averaged temperature, electron/ion number density corresponding to
31 March and the resulted v,;, which served as an input to the column model. Vertical damping by molecular
diffusion and thermal conduction cannot be ignored in the thermosphere and was accounted for as described
in the work of Yigit et al. (2008, section 3.3). To avoid the effects of critical level filtering that may mask the influ-
ence of damping by ions, calculations have been performed for the windless atmosphere. The GW momentum
flux at the lower boundary (z, = 12 km) was represented by 15 harmonics with the horizontal wavelength
100 km, whose magnitudes were prescribed by the formula u’_w’J =26x10“exp (- cj?/cfv), where phase
velocities ¢; ranged from 2 to 80 m s™', and the characteristic width of the source spectrum c,, = 35 ms™!
was adopted.

Figure 3 shows profiles of the resulting GW drag (a, d), GW-induced cooling/heating rates (b, e), and temper-
ature variance (c, f) calculated for several characteristic form factors: F = 1, 0.5, and 0. The corresponding
differences between the calculations with F = 1 and with reduced ion friction are presented in Figures 3d - 3f.
These differences become noticeable above ~100 km and grow with height with the increasing ionization.
Above 150 km, the GW drag and wave-induced cooling are, respectively, by ~150 m s=' d=' and ~20 K d~!
larger, when ion friction does not affect wave propagation (F = 0). Not only the effects of GWs clearly differ
in the upper atmosphere but also the GW variances created by all harmonics in the spectrum. Thus, temper-
ature variance is by ~5.5 K larger for the F = 0 case compared to F = 1 (Figure 3f). Such behavior is easily
understood, if the components of the vertical damping rate are considered. Figure 4 compares the vertical
profiles of f,,,, (dashed lines, calculated assuming F = 1) versus S, for two representative horizontal phase
velocities, 5 and 80 m s, that is, a slow and a fast wave, respectively. Note that the damping rates are larger
for slower harmonics, which explains why faster GWs tend to propagate higher. It is also seen that the effect
of ion drag is similar to that of molecular diffusion and heat conduction: faster harmonics experience less
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damping and, thus, propagate higher (e.g., Vadas, 2007). The magnitude

350
- =

300} c: 5ms_1,/,im°|
£ -=-=-c=bms ,;dion ,
X 250 F |—-c=80ms", Brall
é s00k [ -c=80ms’, 3 :'l
< 150 '

() —— :

of Bon & m?/(k,N) = N/(k,|c — G|?), as follows from (25), whereas f§,,,;
m*/(k,N) = N3 /(k,|c — @|*) (see Vadas & Fritts, 2005, equations (41) and
(47)). Therefore, the ion damping of GWs is less selective (with respect to
intrinsic phase velocities or vertical wave numbers) than the viscous one.
Figure 4 shows that molecular viscosity and heat conduction are the domi-
nant GW damping mechanism in the thermosphere, exceeding ion friction
by several orders of magnitude. Nevertheless, accounting for varying f,,,
results in changes shown in Figure 3, contributing to the variability in a

Figure 4. Profiles of vertical damping rates due to molecular diffusion and
heat conduction (f,, solid lines) and due to ion friction (f,,,) (dashed

10* 102  10° 100 realistic atmosphere. With the lack of ion friction, certain GW harmonics
Vertical damping rate, m’

1 (F = 0.5 and 0) can propagate higher, grow in amplitude, and, upon ulti-

mately reaching saturation and obliteration, produce stronger dynamical
and thermal forcing on the flow than in the presence of ion friction effect

lines) for two representative harmonics with the horizontal phase speeds of 0N wave propagation.

c=5ms" (red) and 80 m s~ (blue).

7. Summary and Conclusions

The geomagnetic field controls motions of the ionospheric plasma, which, in general, significantly differ from
neutral wind dynamics. The mutual interactions of ions and neutrals in the thermosphere-ionosphere (T1) give
rise to the ion drag force, which affects gravity wave-induced wind variations. We derived a practical formula
for the vertical damping rate of GW harmonics that accounts for the geometry of the magnetic field and arbi-
trary propagation directions of the waves. This formula (equation (30) together with (31) is suitable for use with
parameterizations of GW effects employed in “whole atmosphere” general circulation models (GCMs) extend-
ing from the lower atmosphere into the upper thermosphere. For GW harmonics, whose intrinsic frequencies
@ significantly exceed neutral-ion collision frequencies in the F region of the ionosphere, the following results
have been obtained:

1. In addition to the effect of ion drag (i.e., ion-neutral interactions) on the large-scale circulation in the ther-
mosphere, the anisotropic effect of ion friction on the propagation and dissipation of small-scale GWs has
to be taken into account.

2. Vertical damping by ion friction depends only on the geometry of the geomagnetic field and does not
depend on the strength of the latter.

3. Vertical damping by ion friction of GW harmonics propagating in the meridional (in the geomagnetic
coordinates) direction varies with latitude, being the strongest over the (magnetic) poles and dropping to
zero over the equator. For harmonics propagating in the zonal direction, no latitude dependence for the
damping rate exists.

4. Estimates from column model calculations using the whole atmosphere GW parameterization of Yigit et al.
(2008) show that taking into account the geometry of the geomagnetic field can, typically, increase GW drag
by more than a hundred m s~ d~!, GW cooling/heating rate by ~15 K d~', and GW-induced temperature
variance by several K at F region heights.

GWs arriving to the upper thermosphere from below undergo a strong filtering by mean winds in the under-
lying layers. The anisotropy (i.e., directional dependence) of GW damping by ion friction in combination with
selective filtering of harmonics can significantly modify the established picture of GW-mean flow interac-
tions in the upper thermosphere and provide a new perspective to wave-induced variability in the TI. More
realistically, these effects and consequences for the troposphere-thermosphere-ionosphere coupling can be
explored with GCMs.

Appendix A

In order to assist in reproducing the derivations in sections 2 and 3, and discussion in section 4, we present
here the expressions for some cross products. For the wave-induced wind disturbances v = (u, v, w) and the
unit geomagnetic vector b = (b,, by, b,) = B/B, where Bis the absolute value of B:

b,v —bw —(by + b)u+ (b,b, + b,b,)v
vxb=|-bu+b,v |, vxbxb=| bbu—(b2+b)v+bbw |, (A1)
2 2
byu - b,v byb,u+ (b,b, — b7)v — byw
MEDVEDEV ET AL. GRAVITY WAVE DAMPING BY ION FRICTION 10
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The derivation of the last equality in (10) can be performed directly without resorting to the components of
the cross products. Thus,

V' x By x By = =By X (V' x By) = —[V'B2 — (V' - By)B,], (A2)

and note (9) for the expression for c,,.
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