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[1] For the first time, gravity wave-induced heating and
cooling effects were fully and interactively incorporated into
a Martian general circulation model (GCM). Simulations
with a comprehensive GCM with an implemented spectral
nonlinear gravity wave (GW) parameterization revealed
significant thermal effects of GWs in the mesosphere and
lower thermosphere (MLT) between 100 and 150 km. Wave-
induced heating and cooling rates are comparable with
those due to near-IR CO2 heating and IR CO2 cooling,
correspondingly. Accounting for thermal effects of GWs
results in a colder simulated MLT, with the most of cooling
taking place in middle- and high-latitudes. In the winter
hemisphere, the temperature decrease can exceed 45 K. The
colder simulated MLT is in a good agreement with the
SPICAM stellar occultation measurements and Mars
Odyssey aerobraking temperature retrievals. Our experiments
suggest that thermal effects of GWs are probably a key
physical mechanism in the MLT missing in contemporary
Martian GCMs. Citation: Medvedev, A. S., and E. Yiğit (2012),
Thermal effects of internal gravity waves in the Martian upper
atmosphere, Geophys. Res. Lett., 39, L05201, doi:10.1029/
2012GL050852.

1. Introduction

[2] Gravity waves (GWs) are ubiquitous in the Martian
atmosphere. They are excited in the lower atmosphere by
flow over the rugged topography, instabilities of weather
systems, volatile convection, and are modulated by tides.
Measurements through radio occultation [Creasey et al.,
2006a] and accelerometry [Magalhães et al., 1999;
Creasey et al., 2006a, 2006b; Fritts et al., 2006] indicate that
Martian GW amplitudes and the associated momentum
fluxes are several times larger than those on Earth. Fritts
et al. [2006] and Heavens et al. [2010] inferred an appre-
ciable body forcing of several thousand m s�1 sol�1 pro-
duced by GWs upon their saturation and breaking in the
upper atmosphere. Dynamical effects of these waves were
studied using Martian general circulation models (GCMs)
with earlier parameterizations of GWs including only
orographically-generated harmonics with zero horizontal
phase speed and simplified Lindzen-type breaking criterion

[Joshi et al., 1995; Collins et al., 1997, and references
therein]. They demonstrated some importance of GWs
near the edge of the westerly jet in the winter hemisphere,
where the induced drag varies from tens to hundreds of m
s�1 sol�1. “Orographic” GW schemes are now routinely
used in some Martian GCMs. They either show a limited
contribution of only ≈10% of the forcing due to resolved-
scale eddies [Hartogh et al., 2005], or do not appear to
impact the middle atmosphere [Angelats i Coll et al.,
2005]. Our recent GCM modeling with an implemented
spectral GW parameterization that encompasses harmonics
with non-zero phase velocities revealed a significant
dynamical influence of small- to medium-scale gravity
waves (with characteristic horizontal wavelengths of 200–
300 km) in the Martian mesosphere and lower thermo-
sphere (MLT) [Medvedev et al., 2011a, 2011b]. In partic-
ular, they strongly weaken the easterly (retrograde) winds,
close up both easterly and westerly jets around 100–130 km,
and alter the meridional circulation.
[3] Unlike with the dynamical impact, thermal effects of

GWs on Mars were studied to a much lesser degree. These
effects include a) heating of the mean flow due to an irre-
versible conversion of mechanical wave energy into heat
[Becker and Schmitz, 2002; Medvedev and Klaassen, 2003],
and b) differential heating/cooling due to a divergence of the
induced downward sensible heat flux [Walterscheid, 1981;
Medvedev and Klaassen, 2003; Becker, 2004]. The latter is
the result of altering the phase relationship between fluc-
tuations of temperature and vertical velocity in dissipating
harmonics. In the terrestrial MLT, the thermal effects of
GWs are appreciable [Medvedev and Klaassen, 2003], while
in the thermosphere above the turbopause they are extremely
significant: the irreversible heating is of the order of mag-
nitude of the Joule heating, and the differential cooling can
compete with that due to molecular heat conduction in the
F region [Yiğit and Medvedev, 2009]. On Mars, Parish et al.
[2009] studied the impact of GW drag and thermal effects
on the thermosphere using a 1-D linear wave model. They
have found that the associated heating and cooling can reach
70–300 K sol�1 at 135–175 km at the northern winter
solstice.
[4] This paper is the first study that fully and interactively

incorporates thermal effects of saturating/breaking GWs in a
3-D Martian GCM. Its timeliness is underscored by the
current understanding that Martian GCMs “may be missing
some important physical process(es) that is preventing …
models from reproducing the [observed] mesopause tem-
perature” [McDunn et al., 2010]. Our study is based on the
simulations with a Martian GCM interactively coupled with
a parameterization of subgrid-scale GWs. This scheme
considers wave propagation in a dissipative atmosphere,
which the Martian upper atmosphere is, takes into account
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nonlinear interactions between harmonics leading to satura-
tion and/or breaking, refraction, critical level filtering, and
damping by molecular diffusion and heat conduction. The
scheme was 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]. The GCM,
GW parameterization, and design of numerical experiments
are outlined in section 2. Results are presented in section 3,
and implications for the thermospheric winter polar warming
[Bougher et al., 2006] are discussed in section 4. The com-
parison of GW-induced heating/cooling rates with those due
to main thermal forcing mechanisms in the Martian MLT is
given in section 5.

2. Model, Gravity Wave Scheme, and Simulation
Design

[5] The Martian GCM used in this study is described in
detail in the work of Medvedev et al. [2011b] and the earlier
papers [Hartogh et al., 2005;Medvedev and Hartogh, 2007].
Since the main GW effects have been found in the upper
atmosphere above 100 km [Medvedev et al., 2011b], the
model top in the present version of the GCM was raised
somewhat higher to p = 3.6 ⋅ 10�6 Pa (≈150–160 km).
Additionally, a parameterization of heating due to absorption
of solar UV and EUV by CO2 molecules was introduced.
The latter includes 37 spectral intervals ranging from 5 to
105 nm [Torr et al., 1979], employs the solar EUV flux
model of Richards et al. [1994], and the heating efficiency
was assumed equal to 0.22 following the work of González-
Galindo et al. [2005]. All simulations to be presented below
were performed on 67 hybrid vertical levels with T21 hori-
zontal spectral truncation (36 and 64 grid points in longitude
and latitude, respectively) for perpetual Northern Hemi-
sphere winter (Ls = 270°). The dust and solar activities were
kept low and constant to eliminate possible uncertainties
with their variations. The dust optical depth in visible was
uniformly preset at t = 0.2, and the solar activity corre-
sponded to F10.7 = 80 � 10�22 W m�2 Hz�1 at the Earth
orbit.

[6] The GW scheme and its setup were described by
Medvedev et al. [2011b, and references therein]. 28 harmo-
nics with horizontal phase speeds ci from �60 to 60 m s�1

were launched at p = 260 Pa (≈8 km) along the direction of
local wind at the source level, both up- (ci < 0) and down the
wind (ci > 0). The amplitudes of horizontal momentum
fluxes were distributed normally, and the normalizing coef-
ficient was chosen such that the rms wave fluctuations of
horizontal velocity were close to 1 m s�1. From the equi-

partition of wave kinetic Ek = u′2/2 and potential energy per
unit mass, Ep, this corresponds to the background value of
Ep ≈ 0.5 J kg�1 inferred by Creasey et al. [2006a, Figure 5]
in the lower atmosphere of Mars. Vertical propagation of
individual harmonics with horizontal phase speed ci and the
resulting momentum deposition rate ai were calculated for
all grid points. The thermal effect of a harmonic is the sum
of heating due to an irreversible wave dissipation, Qirr

i , and
the differential heating/cooling, Qdif

i , associated with the
divergence of wave-induced heat flux [Medvedev and
Klaassen, 2003, equation 36′]:

Qi
irr ¼ c�1

p ai ci � �uð Þ; Qi
dif ¼

H

2rR
∂
∂z

rai ci � �uð Þ½ �; ð1Þ

where cp is the specific heat at constant pressure, ai is
momentum deposition rate (acceleration or deceleration), ū
is the local wind, H is the density scale height, R is the gas
constant, and r is the background mass density. Unlike in
our previous work [Medvedev et al., 2011b], the thermal
forcing originating from all GW harmonics was included in
the thermodynamic equation for resolved fields. Along with
the multiple-wave parameterization outlined above, an
“orographic” GW scheme for harmonics ci = 0 is included as
a part of the “standard” model, as described by Hartogh
et al. [2005]. It relies upon the subgrid-scale variations of
topography for specifying wave sources at the lower
boundary. Thermal effects of such waves are computed in a
similar way.

3. Temperature Changes

[7] Three numerical experiments are compared here: 1)
the benchmark run without parameterized GWs, 2) with only

Figure 1. Zonal mean temperature (black contour lines) on Ls = 270° simulated (a) without accounting for unresolved
GWs, (b) with the parameterized GW dynamical forcing only, and (c) with both dynamical and thermal effects included
in the GW parameterization. Shaded are the temperature differences between the corresponding run and the simulation with-
out GW parameterization shown in Figure 1a. Figure 1d shows zonally averaged geopotential heights for runs a and c in blue
and red, correspondingly.
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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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30 K higher than the ODYmeasurements [González-Galindo
et al., 2009, Figure 3].

5. Gravity Wave Heating/Cooling Rates

[13] The details of GW-induced thermal forcing, which
lead to the significant cooling of the Martian MLT, are
illustrated and compared with other diabatic mechanisms in
Figure 3. As is expected from equation (1), the GW thermal
influence is strong where both wave activity and dissipation
are large. The magnitude of irreversible heating due to GW
dissipation, Qirr, (Figure 3b) is comparable with the heating
due to absorption of solar radiation in near-IR CO2 bands
(both up to 210 K sol�1). However, the two effects are
somewhat displaced in height: the former grows with
height, while the latter is centered between 0.01 and 0.001
Pa with larger values in the Southern (summer) Hemisphere.
(Figure 3a). The differential cooling due to the downward
GW-induced heat flux, Qdiff, (Figure 3e) is comparable with
the CO2 IR cooling (Figure 3d), and the peak values of Qdiff

even exceed the latter in the Northern Hemisphere high-
latitudes (�270 vs �210 K sol�1). Qdiff also increases with
height. The regions of enhanced GW heating and cooling
generally coincide, and the heating acts to offset the wave
cooling. In some sense, this is similar to the behavior of the
CO2 IR cooling that tends to offset the NIR CO2 heating in
the sun-lit atmosphere. The EUV heating (Figure 3c) is the
major diabatic factor in the thermosphere, where it is usually
offset by molecular heat conduction. However, the latter is
still small (less than 30 K sol�1) in the upper portion of our
model domain, and, therefore, the differential GW cooling is
the main diabatic mechanism that offsets the EUV heating.
The dust heating is not shown either since it is located sig-
nificantly below our region of interest. The distribution of
total heating/cooling rates is plotted in Figure 3f. The
interhemispheric temperature contrast is compensated by
adiabatic cooling associated with rising air in the Southern

Hemisphere, and by adiabatic heating induced by downward
motions over the North Pole.

6. Summary and Conclusions

[14] We presented a first study of gravity wave (GW)-
induced heating and cooling in the Martian atmosphere that
employs a GW parameterization fully and interactively
incorporated into a 3-D general circulation model (GCM).
The spectral nonlinear GW scheme of Yiğit et al. [2008] has
been implemented into a comprehensive Martian GCM
extending from the surface to the lower thermosphere (150–
160 km), and simulations for a perpetual Northern winter
season (Ls = 270°) have been performed. With respect to our
previous study [Medvedev et al., 2011b] that focused only
on dynamical effects of GWs, here we additionally imple-
mented a thermospheric UV and EUV heating, and explic-
itly included heating and cooling rates due to parameterized
GWs. Low utilized magnitudes of GWs at the source level
corresponding to the background values of observed wave
activity [Creasey et al., 2006a] point out to a robustness of
the obtained results listed below:

1. Thermal effects of GWs in the mesosphere and lower
thermosphere (MLT) are significant, and must be accounted
for in the thermal budget. Heating due to an irreversible
conversion of gravity wave mechanical energy into heat is
comparable to the near-IR CO2 heating, and the differential
cooling due to wave-induced downward heat flux is com-
parable to the IR CO2 cooling. These heating and cooling
rates are of a similar order with those found by Parish et al.
[2009] with a 1-D linear wave model for the Martian ther-
mosphere at the same season.

2. Inclusion of GW thermal effects produces a colder
MLT in our simulations. This is in agreement with the
SPICAM stellar occultation measurements, which revealed
temperatures between 100 and 130 km colder than GCMs
without GW parameterization could reproduce [Forget et al.,
2009; McDunn et al., 2010]. Our experiments predict that

Figure 3. Zonal mean heating and cooling rates (in K sol�1) due to various physical mechanisms: (a) radiative heating by
near-IR CO2 bands; (b) irreversible GW heating; (c) EUV heating by CO2 molecules; (d) cooling by 15-m bands; (e) differ-
ential heating and cooling by GWs; (f) net heating and cooling rates.
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most of the cooling due to GWs takes place in middle- to
high-latitudes, especially in the winter hemisphere, where the
temperature decreases by up to 45 K. Cooling of the MLT in
a similar manner occurs for other seasons as well.

3. The colder simulated MLT is in an excellent agree-
ment with the ODY aerobraking temperature retrievals
[Bougher et al., 2006]. On the other hand, our experiments
indicate that the magnitude of the thermospheric polar
warming is affected by GWs to a smaller extent.

[15] Acknowledgments. This work was partially supported by the
German Science Foundation (DFG), project HA3261/5, and by AFOSR
grant FA9550-07-1-0434.
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