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Big picture – whole atmosphere coupling

¨ Energy/momentum transfer 
processes due to waves and 
transient processes.

¨ Studying processes (or 
atmospheric layers) in isolation 
yields only a limited understanding 
of the “true picture”.

è Whole atmosphere view
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vertical coupling, as the two topics have recently come
again to the meteorology and aeronomy communities’
attention. Our overarching goal is to provide a motivation
for bridging gaps between scientists studying the lower,
middle, and upper atmospheres. In this paper, we concen-
trate on the most recent studies, while providing references
to the existing reviews for further details.

This review is structured in the following manner. Sec-
tion 2 provides an overview of the physical properties of
internal waves. Section 3 outlines the observations of wave
structures in the middle and upper atmosphere. Section 4
presents modeling techniques for studying internal waves,
and Section 5 gives some details concerning atmospheric
wave propagation and consequences for the upper atmo-
sphere. Sections 6 and 7 discuss coupling processes during
sudden stratospheric warmings (SSWs), and other effects
related to upper atmosphere variability. In Section 8, conclu-
sions are given, and some open questions are highlighted.

2. Internal wave characteristics and propagation

To a first approximation, atmospheric waves can be dis-
tinguished by their spatial scales. Earth’s atmosphere pos-
sesses a broad spectrum of waves ranging from very
small- (e.g., gravity waves, GWs) to planetary-scale waves
(tides, Rossby waves). Table 1 summarizes quantitatively
the range of temporal scales for tides, gravity, planetary

Rossby and Kelvin waves. Overall, internal wave periods
vary from a few minutes to tens of days. They also have dif-
ferent spatial scales. While small-scale GWs have typical
horizontal wavelengths kH of several km to several hundred
km, horizontal scales of solar tides and planetary waves are
comparable to the circumference of Earth.

Although various internal waves can be excited by dif-
ferent mechanisms, in general, meteorological processes
are the primary sources of these motions. They can propa-
gate upward and grow in amplitude due to exponentially
decreasing neutral mass density q (in order to satisfy wave
action conservation). Therefore, although wave distur-
bances associated with small-scale GWs are relatively small
at the source levels, their amplitudes can become significant
at higher altitudes in the thermosphere, and are all subject
to various dissipation processes. On the other hand, large-
scale waves, such as planetary waves, can possess relatively
larger amplitudes in the lower atmosphere, and can, there-
fore, dissipate at lower altitudes. This wave dissipation is
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Fig. 1. Vertical structure of the atmosphere–ionosphere system, where the neutral atmospheric temperature is shown on the left and the electron density
distribution on the right. Panels are produced using midlatitude data from MSISE-90 and IRI 2012 models for 1 January 2010 at noon with daily
F 10:7 ¼ 77:2" 10#22 W m#2 Hz#1 and Ap ¼ 0:5. SSW and TAD/TID denotes sudden stratospheric warming and traveling atmospheric/ionospheric
disturbances, respectively. The turbopause is at about 105 km.

Table 1
Typical temporal scales of internal waves in the terrestrial atmosphere.

Internal wave Typical range of temporal scales

Gravity wave Few minutes to several hours (2p=f ; f ¼ 2X sin /)
Solar tide 1, 1/2, 1/3 days
Planetary wave 2 to few tens of days
Kelvin wave 3 to 20 days

E. Yiğit, A.S. Medvedev / Advances in Space Research 55 (2015) 983–1003 985

(Yiğit and Medvedev, 2015, ASR)
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Whole atmosphere GW parameterization

¨ Physics: GW dissipation (") by 
¤ molecular diffusion & thermal conduction, 
¤ ion friction, 
¤ nonlinear diffusion
¤ turbulent viscosity, 
¤ radiative damping.

¨ Asymmetry and anisotropy
¨ Assumptions:

¤ Single-column approach
¤ Instantaneous response

¨ Input
¤ GW spectrum (at the source)
¤ $%, '()(*

¨ Output:
¤ Evolution of wave flux
¤ GW drag, GW heating/cooling

¨ No intermittancy factor
¨ Currently implemented in 

¤ CMAT2 (UCL, Mason)
¤ Leibniz Institute Middle Atmosphere Model
¤ Kyushu University Whole Atmosphere GCM 
¤ MPI-MGCM (MPS Göttingen)
¤ Venus-TGCM (NASA Ames, Michigan)
¤ M-GITM (University of Michigan) 
¤ WACCM (NCAR)
¤ GEM-Mars (Belgium)
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Magnetized planets
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Magnetic field effects and GW dissipation
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Figure 1. The latitudinal distributions of the form factor
(cos2 ! + sin2 ! cos2 ") from equation (30) for three characteristic
propagation azimuths ! with respect to the geomagnetic parallel:
! = 90∘ (pure meridional propagation, red), ! = 60∘ (blue) and
! = 30∘ (green). For harmonics propagating zonally (! = 0∘),
the form factor is unity.

Thermal effects of dissipating GWs include heating Ej due to irreversible con-
version of mechanical energy into heat, and differential heating/cooling Qj by
inducing a downward sensible heat flux. The expressions for the heating rates
(in K s− 1) are given after (Medvedev & Klaassen, 2003; Yiğit & Medvedev, 2009)

Ej =
aj(cj − ū)

cp
, Qj =

H
2$0R

%
%z

[
$0aj(cj − ū)

]
, (29)

where cp is the specific heat at constant pressure and R is the gas constant.

6. Results of Calculations

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

& j
ion =

'niN
kh|cj − ū|2

(
cos2 ! + sin2 ! cos2 "

)
, (30)

where ! is the azimuth angle (counted counterclockwise from the direction
to east) and cos2 " is determined by the shape of the geomagnetic field. The

coefficient 2 in the denominator of (25) cancels out, because & j
ion 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, B0 cos(, − 2B0 sin(), where ( is the geomagnetic latitude. Therefore,

cos2 " ≡ B2
z

|B|2
= 4 sin2 (

1 + 3 sin2 (
. (31)

The expression in the brackets in (30) together with (31) gives the dependence of &ion on latitude and prop-
agation azimuth of the harmonic. This “form factor” is illustrated in Figure 1 for harmonics over the equator
(cos2 " = 0) traveling at three characteristic azimuths !: 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 &ion 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
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Figure 2. Input profiles used in the calculations: zonally averaged (a) temperature, (b) electron number density ne from
the International Reference Atmosphere (IRI) model, and (c) the calculated neutral-ion collision frequency 'ni.
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Figure 1. The latitudinal distributions of the form factor
(cos2 ! + sin2 ! cos2 ") from equation (30) for three characteristic
propagation azimuths ! with respect to the geomagnetic parallel:
! = 90∘ (pure meridional propagation, red), ! = 60∘ (blue) and
! = 30∘ (green). For harmonics propagating zonally (! = 0∘),
the form factor is unity.

Thermal effects of dissipating GWs include heating Ej due to irreversible con-
version of mechanical energy into heat, and differential heating/cooling Qj by
inducing a downward sensible heat flux. The expressions for the heating rates
(in K s− 1) are given after (Medvedev & Klaassen, 2003; Yiğit & Medvedev, 2009)
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where cp is the specific heat at constant pressure and R is the gas constant.

6. Results of Calculations

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
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(
cos2 ! + sin2 ! cos2 "

)
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where ! is the azimuth angle (counted counterclockwise from the direction
to east) and cos2 " is determined by the shape of the geomagnetic field. The

coefficient 2 in the denominator of (25) cancels out, because & j
ion 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, B0 cos(, − 2B0 sin(), where ( is the geomagnetic latitude. Therefore,
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z
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The expression in the brackets in (30) together with (31) gives the dependence of &ion on latitude and prop-
agation azimuth of the harmonic. This “form factor” is illustrated in Figure 1 for harmonics over the equator
(cos2 " = 0) traveling at three characteristic azimuths !: 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 &ion 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
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Figure 2. Input profiles used in the calculations: zonally averaged (a) temperature, (b) electron number density ne from
the International Reference Atmosphere (IRI) model, and (c) the calculated neutral-ion collision frequency 'ni.
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Magnetic field effects and GW dissipation
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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 = 0.5 and 0) and F = 1.

the GW scheme outlined in the previous section. We used the approximation !ni = 7.22 × 10−17T 0.37ei

(Klostermeyer, 1972) for the neutral-ion collisional frequency !ni, where the electron number density ei and
neutral temperature T were taken from the International Reference Ionosphere (IRI) model (Bilitza, 2015) at the
equator during an equinox for moderate solar activity conditions (F10.7 = 130 ×10−22 W m−2 Hz−1). Figure 2
presents the vertical profiles of zonally averaged temperature, electron/ion number density corresponding to
31 March and the resulted !ni, 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 Yiğit 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 (zs = 12 km) was represented by 15 harmonics with the horizontal wavelength
100 km, whose magnitudes were prescribed by the formula u′w′

j = 2.6 × 10−4 exp
(
− c2

j ∕c2
w

)
, where phase

velocities cj ranged from 2 to 80 m s−1, and the characteristic width of the source spectrum cw = 35 m s−1

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−1 d−1 and ∼ 20 K d−1

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 "ion (dashed lines, calculated assuming F = 1) versus "mol for two representative horizontal phase
velocities, 5 and 80 m s−1, 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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neutral temperature T were taken from the International Reference Ionosphere (IRI) model (Bilitza, 2015) at the
equator during an equinox for moderate solar activity conditions (F10.7 = 130 ×10−22 W m−2 Hz−1). Figure 2
presents the vertical profiles of zonally averaged temperature, electron/ion number density corresponding to
31 March and the resulted !ni, 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 Yiğit 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 (zs = 12 km) was represented by 15 harmonics with the horizontal wavelength
100 km, whose magnitudes were prescribed by the formula u′w′
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, where phase
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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.
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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
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CMAT2 general circulation model (GCM)

¨ CMAT2 (Coupled Middle Atmosphere 
Thermosphere-2)
¤ ~15-500 km
¤ 2o x 15o resolution
¤ Planetary waves, tides from (GSWM, 

NCEP)
¤ Realistic magnetic fields from IGRF
¤ Coupled to solar and geomagnetic inputs 
¤ High-latitude momentum and energy 

sources.
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Gravity wave parameterization 
[Yiğit et al. 2008, JGR]

à GCM

https://earth.nullschool.net/
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Motivation: Modeling of GWs during a minor warming
8

SSW, as defined in the seminal review of Schoeberl [1978]:
“In a minor warming, …the meridional temperature gra-
dients usually weaken but do not reverse.” In our simula-
tions, !T increases rapidly by 18 K from 216 K on Dec 16 to

234 K on 4 Jan, and steadily decreases again after this date.
D!T decreases throughout the period when !T at the North
Pole rapidly rises. This reduction of the equatorward tem-
perature gradient occurs due to the poleward transport of
heat by enhanced planetary wave activity. Figure 1b shows
that before the minor warming commences, zonal mean
zonal wind !u weakens, and decreases continuously from 52
to 24 m s!1 throughout the minor warming.
[14] To demonstrate the spatial evolution of the fields

during the warming, the NH polar stereographic projections
of geopotential height (color shaded) and zonal wind (con-
tour) at 10 hPa are shown on three dates (15 Dec, 24 Dec,
and 1 Jan) in row two of Figure 1. As the warming pro-
gresses, the polar night vortex splits into two and the geo-
potential height increases at high-latitudes in accordance
with the rising temperature.

4. Variations of Gravity Wave Activity
and Effects in the Thermosphere

[15] Next, we investigate how the minor SSW shown
in Figure 1 impacts the GW propagation/dissipation, and
what effects these waves produce above the turbopause
("105 km). We evaluate the root mean square (RMS) wind

fluctuations due to GWs, s ¼ M!1
XM

i
u ′i
! "2h i1=2

, M

being the number of harmonics in the spectrum, s2 is the
horizontal wind variance, and u ′i is the wave amplitude in
the zonal wind, as a quantitative measure of wave penetra-
tion into the upper atmosphere. GW dynamical effects are
characterized by the zonal GW drag, ax ¼ r!1d ru ′w′

! "
=dz,

where r is the mean density.
[16] Figure 2a presents temporal variations of the zonally

averaged RMS at 60$N from 14 Dec to 7 Jan as a function of
altitude. The white dashed line marks the onset of the
warming when the westerly zonal wind started to weaken
(cf. Figure 1b). GW-induced wind variations above 90 km
steadily rise after that date, and reach their maxima around
25 Dec. The white dotted line on Jan 4 indicates the peak
of the SSW. Before the warming, the maximum of RMS
("3 m s!1) is in the mesosphere at around 80 km. During
the warming, it increases to "6 m s!1, and is shifted higher
into the lower thermosphere to around 120 km. Also, the
overall GW penetration into the thermosphere increases
during the event. Thus, the RMS rises to > 4 m s!1 at altitudes
up to "250 km compared to 1–1.5 m s!1 before the onset.
[17] UT variations of the mean zonal GW drag ax at 60$N

are plotted in Figure 2b. Remarkable changes occur with it
during the SSW. Penetration higher into the thermosphere
and larger amplitudes of waves result in the enhancement of
ax, especially in the lower thermosphere at around 120 km,
and in the upper thermosphere at "250 km. Before the
SSW, there is only easterly drag below 120 km with the
maximum of 100 m s!1 day!1 at around 80 km, and a weak
(up to 10 m s!1 day!1) westerly drag in the upper thermo-
sphere at 60$N. Mean zonal wind !u shown in Figure 2c
demonstrates the role of selective filtering in GW effects in
the thermosphere. After the warming onset, stratospheric
westerlies weaken, thus permitting more eastward harmonics
to propagate upward. As a result, the deposited momentum
is markedly westerly between 120 and 180 km. Higher in the
thermosphere at around 250 km, the westerly drag dramati-
cally enhances after 21 Dec to more than 150 m s!1 day!1.

Figure 2. Altitude-universal time cross-sections at 60$N of
the zonal mean (a) RMS wind fluctuations due to GWs
[m s!1], (b) zonal GW drag (ax) in m s!1 day!1, and (c) zonal
wind (u ) [m s!1]. White dashed and dotted lines mark the onset
on 17 Dec, and peak on Jan 4 of the SSW, correspondingly.
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[8] Because the model does not have a troposphere,
National Centers for Environmental Prediction reanalysis
data are used at the lower boundary to drive the GCM.
Migrating solar tides with wavenumbers from one to three at
the lower level are adapted from Hagan and Forbes [2002,
2003].
[9] The extended GW scheme used in the present study

considers wave propagation in a dissipative atmosphere. It
self-consistently takes into account nonlinear interactions
between harmonics leading to saturation and/or breaking
[Medvedev and Klaassen, 2000], refraction, critical level
filtering, and dissipation by ion drag, radiative damping in
the form of Newtonian cooling, eddy viscosity, molecular
diffusion and heat conduction. The scheme is described in
full detail by Yiğit et al. [2008], and extensively tested in the
Earth’s GCM [Yiğit et al., 2009, 2012; Yiğit and Medvedev,
2009, 2010] as well as in the Martian context [Medvedev
et al., 2011a, 2011b; Medvedev and Yiğit, 2012].
[10] The GW source spectrum at the lower boundary

(!15 km) is represented by 30 harmonics, whose momentum
fluxes were normally distributed with respect to their hori-
zontal phase speeds. Only harmonics with phase speeds up to
80 m s"1 (but traveling in both directions along the local

wind at the source height) are considered. An illustration of
the spectrum can be seen in Yiğit et al. [2012] (Figure 1).
[11] The CMAT2 model with the extended GW scheme

has been extensively validated against empirical models of
the thermosphere, and agrees well with the observed tem-
perature and wind distributions [Yiğit and Medvedev, 2009;
Yiğit et al., 2009, 2012].
[12] The model was run for quiet solar conditions

(F10.7 = 80 # 10"22 W m"2 Hz"1) for five months from Sep-
tember to January, outputting the data every three hours during
a period of 6 weeks between 2December and 16 January during
a minor SSW.

3. Sudden Stratospheric Warming

[13] General characteristics of the simulated minor
warming are presented next. Black lines in Figures 1a and 1b
show the universal time (UT) variations of the zonal mean
neutral temperature !T over the North Pole, and zonal mean
zonal wind ū at 10 hPa pressure level (!30 km) at 60$N,
respectively, from 2 Dec to 16 Jan. The red line represents
the zonal mean temperature difference between 60$N and
the North Pole, D!T . The results are indicative of a minor

Figure 1. Temporal variations of zonal mean fields at 10 hPa (!30 km) pressure level: (a) temperature over the North Pole
(black) and temperature difference between 60$N and 90$N (red); (b) zonal wind at 60$N; Northern Hemisphere polar
stereographic projection of geopotential height (color shaded) and zonal wind (contours with 5 m s"1 interval) on (c) 15 Dec,
(d) 24 Dec, and (e) 1 Jan.
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[Medvedev and Klaassen, 2000], refraction, critical level
filtering, and dissipation by ion drag, radiative damping in
the form of Newtonian cooling, eddy viscosity, molecular
diffusion and heat conduction. The scheme is described in
full detail by Yiğit et al. [2008], and extensively tested in the
Earth’s GCM [Yiğit et al., 2009, 2012; Yiğit and Medvedev,
2009, 2010] as well as in the Martian context [Medvedev
et al., 2011a, 2011b; Medvedev and Yiğit, 2012].
[10] The GW source spectrum at the lower boundary

(!15 km) is represented by 30 harmonics, whose momentum
fluxes were normally distributed with respect to their hori-
zontal phase speeds. Only harmonics with phase speeds up to
80 m s"1 (but traveling in both directions along the local

wind at the source height) are considered. An illustration of
the spectrum can be seen in Yiğit et al. [2012] (Figure 1).
[11] The CMAT2 model with the extended GW scheme

has been extensively validated against empirical models of
the thermosphere, and agrees well with the observed tem-
perature and wind distributions [Yiğit and Medvedev, 2009;
Yiğit et al., 2009, 2012].
[12] The model was run for quiet solar conditions

(F10.7 = 80 # 10"22 W m"2 Hz"1) for five months from Sep-
tember to January, outputting the data every three hours during
a period of 6 weeks between 2December and 16 January during
a minor SSW.

3. Sudden Stratospheric Warming

[13] General characteristics of the simulated minor
warming are presented next. Black lines in Figures 1a and 1b
show the universal time (UT) variations of the zonal mean
neutral temperature !T over the North Pole, and zonal mean
zonal wind ū at 10 hPa pressure level (!30 km) at 60$N,
respectively, from 2 Dec to 16 Jan. The red line represents
the zonal mean temperature difference between 60$N and
the North Pole, D!T . The results are indicative of a minor

Figure 1. Temporal variations of zonal mean fields at 10 hPa (!30 km) pressure level: (a) temperature over the North Pole
(black) and temperature difference between 60$N and 90$N (red); (b) zonal wind at 60$N; Northern Hemisphere polar
stereographic projection of geopotential height (color shaded) and zonal wind (contours with 5 m s"1 interval) on (c) 15 Dec,
(d) 24 Dec, and (e) 1 Jan.
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[Yiğit and Medvedev, 2012, GRL]

¨ Thermospheric GW activity increases up to a 
factor of three during a minor warming

¨ CMAT2 + Whole atmosphere GW param.
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GW activity – ionosphere during a major warming

¨ Ionospheric GW activity from GPS-TEC decreases 
around u-reversal as observed in terms of TEC 
variations.

¨ Middle atmosphere GW activity from SABER also 
shows similar decrease.

¨ Competition between westerly and easterly GWs in a 
region of weak easterly/westerly winds [Nayak and 
Yiğit, 2019]
à Decrease in GW activity

9
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Global observations of gravity waves
10

Q. T. Trinh et al.: Satellite observations of vertical coupling by gravity waves 431

GWMF (log10(Pa))

-5.34 -5.05 -4.76 -4.47 -4.18 -3.89
GWMF (log10(Pa))

Figure 2. Global maps of GWMF derived from SABER observations (1st–7th rows) and ARDF derived from GOCE observations (last
row) for boreal summer. Only data equatorward of 60� magnetic latitudes (magenta lines) on GOCE global maps are used for calculating
correlations.

www.ann-geophys.net/36/425/2018/ Ann. Geophys., 36, 425–444, 2018

Q. T. Trinh et al.: Satellite observations of vertical coupling by gravity waves 431
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-3.75 -3.41 -3.07 -2.72 -2.38 -2.04
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Figure 2. Global maps of GWMF derived from SABER observations (1st–7th rows) and ARDF derived from GOCE observations (last
row) for boreal summer. Only data equatorward of 60� magnetic latitudes (magenta lines) on GOCE global maps are used for calculating
correlations.

www.ann-geophys.net/36/425/2018/ Ann. Geophys., 36, 425–444, 2018

• In July 2013 observed by SABER/TIMED at 30 and 90 km [Trinh et al., 2018, AG]
• As GWs propagate upward their spectra evolve latitudinally 
• GCMs needed to fill in the gap 

30 km 90 km

Gravity wave momentum flux
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Observations & modeling of GW activity: Challenges

¨ Implementation of observed 
GW activity in CMAT2+GW 
scheme
¤ Which harmonics have what 

flux?
¤ Observations and models 

capture different scales.
¤ Comparison of mean fields. 

11

¨ GW source spectrum: Whole atmosphere GW parameterizations
¤ Total GW activity due to all waves in the spectrum.

¤ M=32 harmonics.
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Planetary Context: GWs on Mars 
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Simulated temperature (≈120 km):  
•             Night-time temperature 

inferred from ODY aerobraking 
measurements 

•             without GWs  
•             with only dynamical 

effects of GWs   
•             with both dynamical and 

thermal effects 
•              night-time T with 

dynamical and thermal GW 
effects  

   (Medvedev and Yi�it, 2012) 
 

dynamical effects of GWs (“drag”), and 3) with both
dynamical and thermal effects included. The model was run
in the perpetual mode for 90 sols to reach a quasi-equilibrium
followed by an averaging over the last 5 sols. Zonal and
meridional wind patterns simulated in the first two runs are
very similar to those described in our previous paper
[Medvedev et al., 2011b] despite the addition of the EUV
heating, and, therefore, are not shown here. Accounting for
the thermal effects of GWs in the run 3 did not modify the
simulated winds significantly compared to the run 2. More
worthy of presentation are the temperature fields in Figure 1.
[8] Unlike in the work by Medvedev et al. [2011b], all

three presented runs reproduce the mesopause between
0.001 and 0.0001 Pa (100 to 130 km) caused entirely by the
inclusion of the EUV heating parameterization. The color
shaded differences between the corresponding runs and the
benchmark demonstrate a significant influence of GWs.
Figure 1b shows up to 25 K warming in the Southern lower
thermosphere, enhancement of the winter polar warming in
the lower atmosphere, and up to 10 K cooling above. These
changes are the result of altering the meridional circulation
purely by GW drag. It should be emphasized that the very
same GW forcing produced a more than 20 K higher tem-
perature in the MLT over the Northern Pole when EUV
heating was not included [Medvedev et al., 2011b, Figure 9].
This may serve as an indication that the thermospheric
winter polar warmings [Bougher et al., 2006] are created by
a mechanism unrelated to GWs, and depend on the latter
only weakly.
[9] Accounting for thermal effects of GWs (Figure 1c)

introduces spectacular changes. The temperature in middle-
and high-latitudes in both hemispheres becomes colder,
especially in the winter hemisphere, where it drops by more
than 45 K compared to the simulation without parameterized
GWs altogether. These overall colder (although not uniform

with latitude) temperatures in the Martian MLT are consis-
tent with the stellar occultation measurements of Forget et al.
[2009], who found that the temperatures in the 100–130 km
layer were systematically colder than expected from a
GCM, [e.g., González-Galindo et al., 2009; McDunn et al.,
2010].
[10] In the middle atmosphere below ≈70–90 km, the

dynamical impact of GWs on the temperature field dom-
inates the thermal effects. The lower shaded regions over the
North Pole in Figures 1b and 1c indicate an enhancement of
the polar warming by the parameterized GWs. The magni-
tude and location of thus simulated temperature maximum
agree well with the measurements from Mars Climate
Sounder onboard the Mars Reconnaissance Orbiter (MRO–
MCS) for low-dust Ls = 270° seasons [McCleese et al.,
2010].

4. Implications for Thermospheric Winter
Polar Warming

[11] A closer inspection of Figure 1 shows that the
reversal of the meridional temperature gradient in the
high-latitude Northern thermosphere was reproduced in all
3 simulations. Although the strong GW-induced cooling
lowers down the MLT temperature, it impacts very little
the magnitude of the thermospheric winter polar warming
measured as a difference between temperatures over the
North Pole and at the midlatitude minimum. This can be
clearly seen in Figure 2, which presents the temperature
cross-sections at p = 0.0002 Pa (≈120 km). The magnitudes
of the simulated warming are !40 K in the zonally and daily
averaged sense for both runs with GWs, which are smaller
than !60 K in the run without the GW parameterization.
Although the shapes of the latitudinal temperature cross-
sections are generally preserved in the runs with and without
GW heating/cooling (solid red and green lines, correspond-
ingly), the temperatures are 15–20 K lower everywhere and
up to 40 K lower in Northern midlatitudes, when the thermal
effects of GWs are included. These values are in a good
agreement with SPICAM stellar occultation measurements
[Forget et al., 2009; McDunn et al., 2010].
[12] For further comparison, we plotted (with the blue

dotted line) the night-time (02:00 to 03:00 hours) tempera-
tures derived from the Mars Odyssey (ODY) accelerometer
data during aerobraking near perihelion (Ls = 270°)
[Bougher et al., 2006, Figure 1]. The corresponding night-
side temperature from the run with both dynamical and
thermal GW effects is shown by the red dashed line. An
excellent agreement between the simulation and measure-
ments is seen except for a small latitudinal region (60°–
75°N), where the !20 K difference does still exist. The
degree of diurnal temperature variations and their latitudinal
dependence can be judged from the distance between the
solid and dashed red lines in Figure 2. It was confirmed
with the modeling, but is also obvious from the plot, that
neither the simulation without GWs, nor the run accounting
for only the GW drag (that is, without thermal effects) can
produce night-time temperatures cold enough to match the
aerobraking data. The latter conclusion corroborates the
result of González-Galindo et al. [2009], whose GCM
simulation without GW drag produced the temperatures

Figure 2. Zonally and diurnally averaged temperatures
(solid lines) at p = 0.0002 Pa (≈120 km) from the runs with-
out GWs (black), with only dynamical effects of GWs
(“drag”) included (green), and with both dynamical and ther-
mal effects accounted for (red). The blue dotted line presents
the night-time temperature inferred from ODY aerobraking
measurements [Bougher et al., 2006]. The red dashed line
corresponds to the night-time (near 02:00 hours) temperature
from the run including both dynamical and thermal GW
effects.
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Gravity wave thermal effects in the Martian atmosphere

• Accounting for subgrid-scale gravity waves with a whole atmosphere GW 
parameterization within a Martian GCM helps better reproduce the Mars Odysey
(ODY) aerobraking temperature measurements.
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Summary & Future

1. Direct [3-D] GW propagation into the thermosphere & global effects [Yiğit et al. 2009].
2. Direction of GW propagation and damping are influenced by the geometry of the 

magnetic fields [Medvedev et al., 2017].
3. GWs-major warmings: Ionospheric GW activity decreases during the main phase of a 

major SSW [Nayak and Yiğit, 2019].
4. Adjusting GW source spectrum wrt satellites can improve the GW-related dynamics in 

the upper atmosphere [current work]

¨ Future research & challenges:
¤ Ionospheric effects
¤ Self-consistent GCM simulations of geomagnetic effects and GWs 
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JUNE 2019, Vol. 72, No. 6
cover: Images of Jupiter’s swirling 
atmosphere, such as the one shown here 
taken by NASA’s Juno spacecraft, have 
provided an unprecedented look at the gas 
giant’s atmosphere. On page 40, Erdal Yiğit 
and Alexander Medvedev discuss the role of 
gravity waves in the atmospheric dynamics 
of Jupiter, Earth, and other planets. 

(Image courtesy of NASA/JPL-Caltech/SwRI/MSSS/Gerald 
Eichstädt/ Seán Doran.)

https://doi.org/10.1063/PT.3.4226

