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ABSTRACT
Results of simulations with a new high-resolution Martian general circulation model (MGCM) (T106
spectral resolution, or ;67-km horizontal grid size) have been analyzed to reveal global distributions of
gravity waves (GWs) during the solstice and equinox periods. They show that shorter-scale harmonics progressively dominate with height, and the body force per unit mass (drag) they impose on the larger-scale flow
increases. Mean magnitudes of the drag in the middle atmosphere are tens of meters per second per sol, while
instantaneously they can reach thousands of meters per second per sol. Inclusion of small-scale GW harmonics results in an attenuation of the wind jets in the middle atmosphere and in the tendency of their
reversal. GW energy in the troposphere due to the shortest-scale harmonics is concentrated in the low latitudes for both seasons and is in a good agreement with observations. The vertical fluxes of wave horizontal
momentum are directed mainly against the larger-scale wind. Orographically generated GWs contribute
significantly to the total energy of small-scale disturbances and to the drag created by the latter. These waves
strongly decay with height, and thus the nonorographic GWs of tropospheric origin dominate near the mesopause. The results of this study can be used to better constrain and validate GW parameterizations
in MGCMs.

1. Introduction
Internal gravity waves (GWs) are an important
mechanism of transporting energy and momentum between atmospheric layers in stably stratified planetary
atmospheres. Their essential role has widely been
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recognized in the terrestrial middle atmosphere (Fritts
and Alexander 2003) and thermosphere [see the recent
review by Yi
git and Medvedev (2015)]. There are numerous observational and theoretical indications that
GWs of tropospheric origin play a similar significant role
on Mars by strongly affecting the dynamics (Collins et al.
1997; Fritts et al. 2006; Kuroda et al. 2009; Parish et al.
2009; Medvedev et al. 2011a; Yi
git et al. 2015a) and
thermal state of the Martian upper atmosphere
(Medvedev and Yi
git 2012). They also facilitate CO2 ice
cloud formation in the upper mesosphere and lower
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thermosphere of Mars (Yi
git et al. 2015b), and their
dynamical cooling effects are typically stronger than the
atomic oxygen cooling in the lower thermosphere
(Medvedev et al. 2015). The ability of GWs to appreciably influence the thermal balance of planetary thermospheres has initially been demonstrated with
comprehensive general circulation modeling in the case
of Earth’s (Yigit and Medvedev 2009) and Mars’s
(Medvedev and Yigit 2012) atmospheres.
Most of the observational knowledge about smallscale GWs in the Martian lower atmosphere has been
acquired from three datasets based on spacecraft
measurements. Creasey et al. (2006) derived global
distributions of GW activity below ;30 km from the
Mars Global Surveyor (MGS) radio occultation data.
These data have been used in the work by Ando et al.
(2012) to demonstrate that spectral amplitudes of
temperature fluctuations decline with respect to the
vertical wavenumbers kz as a power law close to the
theoretical saturation limit k23
z , which implies a strong
energy transfer from waves to the larger-scale flow.
Wright (2012) analyzed a 1-yr set of temperature profiles measured by the Mars Climate Sounder (MCS)
onboard the Mars Reconnaissance Orbiter (MRO) and
presented a seasonal distribution of the inferred GW
characteristics. Tellmann et al. (2013) used highresolution temperature profiles from Mars Express
Radio Science (MaRS) occultation data to find an enhanced GW activity in mountainous regions and in the
winter extratropics.
As on Earth, Martian GWs are generated by a variety
of sources: flow over much rougher topography, volatile
convection, and instabilities of weather systems. On
both planets, horizontal scales of GWs that contribute
the most to the dynamics of the middle and upper atmosphere are usually smaller than the conventional
resolution of general circulation models (GCMs).
Hence, effects of subgrid-scale GWs have to be parameterized in Martian models, as is often done in Earth
GCMs with conventional coarse-grid resolution. Such
parameterizations are based on solving equations for the
vertical evolution of wave variances (e.g., Medvedev
and Klaassen 2000) or, equivalently, for momentum
fluxes (e.g., Yigit et al. 2008), and require specifications
of these quantities (GW sources) in the lower atmosphere (e.g., Yigit et al. 2009, their Fig. 1). Accurate
estimates of GW momentum fluxes and activity on the
globe have, therefore, been recognized as an essential
part of Earth climate studies (Alexander et al. 2010).
These GW characteristics are required not only for
constraining GW parameterizations (prescribing wave
sources), but also for validating the parameterization
schemes by comparing observed and simulated GW
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fields in the middle and upper atmosphere (Geller et al.
2013). However, the global picture of GWs in the terrestrial atmosphere is still beyond our reach, despite the
much larger body of Earth observational data than that
of Mars. In the Martian atmosphere, the detailed distribution of lower-atmospheric GW source activity is
obviously yet to be established.
High-resolution GCMs help to circumvent the problem of uncertainties in GW sources to a certain degree.
They can provide a realistic surrogate for observations
under the assumption that models reproduce a significant portion of GWs, including wave sources and sinks.
Some examples of such studies for Earth’s atmosphere
can be found in the works of Sato et al. (2012) and
Miyoshi et al. (2014). The first (and only, to the best of
our knowledge) study with a high-resolution MGCM
that addressed GWs has been performed by Miyoshi
et al. (2011). They analyzed spatial and temporal spectra
of the resolved spectra (total horizontal wavenumber s
up to 30, or 28 3 28 model resolution), and found an
enhancement of wave energy at tidal frequencies in regions where diurnal and semidiurnal tides are strong.
Recently, we developed an MGCM with even higher
resolution (triangular spectral truncation T106, or
;1.18 3 ;1.18, ;67-km horizontal grid interval at the
equator) (Kuroda et al. 2015). Given the smaller radius
of Mars, this resolution corresponds to approximately
T200 of terrestrial GCMs, which is quite satisfactory for
capturing a significant portion of small-scale GWs with
no GW drag parameterizations.
One of the goals of this paper is to derive climatological characteristics of subgrid-scale (with respect to
GCMs with conventional resolution) waves that can be
used in the future for constraining GW parameterizations. In Earth studies, climatological fields are very
often presented in the form of monthly mean quantities.
On Mars, monthly averaging is replaced with that over
an interval of solar longitudes Ls , or Mars–sun angle
(e.g., González-Galindo et al. 2009; Medvedev et al.
2013, 2015; Yi
git et al. 2015b). In this paper, we focus on
two representative seasons: northern winter solstice
(Ls 5 2708–3008) and northern autumn equinox (Ls 5
1808–2108). The other goal of this study is to evaluate
contributions of GWs with different horizontal scales,
which are typically missing in MGCMs, to total fluctuation fields in order to determine the related forcing of
the larger-scale flow (GW drag) and assess the role of
GW dynamical effects.
The structure of this paper is as follows. The Martian
GCM is described in section 2. The underlying concepts
for the simulated small-scale fields along with GW variances and the covariances study are discussed in more
detail in section 3. Results of the simulations for the
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solstice and equinox conditions are presented in sections 4
and 5, respectively. Conclusions are given in section 6.

TABLE 1. Vertical s coordinates and approximate altitudes of
the layers used in the model. The altitudes are calculated from the
formula z 5 2Hlns, where H 5 10 km is the density scale height.

2. Model description

Layer number

s level

Approximate altitude (km)

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49

0.995
0.985
0.975
0.965
0.952
0.937
0.920
0.900
0.875
0.845
0.810
0.765
0.710
0.640
0.549
0.453
0.369
0.302
0.248
0.203
0.166
0.136
0.111
9.11 3 1022
7.37 3 1022
5.82 3 1022
4.53 3 1022
3.53 3 1022
2.75 3 1022
2.14 3 1022
1.67 3 1022
1.30 3 1022
1.01 3 1022
7.88 3 1023
6.06 3 1023
4.56 3 1023
3.37 3 1023
2.50 3 1023
1.85 3 1023
1.37 3 1023
1.02 3 1023
7.53 3 1024
5.58 3 1024
4.04 3 1024
2.79 3 1024
1.87 3 1024
1.23 3 1024
7.66 3 1025
2.42 3 1025

0.05
0.15
0.25
0.36
0.49
0.65
0.83
1.05
1.34
1.68
2.11
2.68
3.43
4.47
5.99
7.92
9.96
11.96
13.96
15.96
17.96
19.96
21.96
23.96
26.08
28.44
30.94
33.44
35.94
38.44
40.94
43.44
45.94
48.44
51.05
53.91
56.91
59.92
62.91
65.91
68.91
71.91
74.91
78.13
81.85
85.85
90.06
94.76
106.30

The MGCM used in this study is based on the atmospheric component of the Model for Interdisciplinary
Research On Climate (MIROC) terrestrial GCM developed in collaboration by the Atmosphere and Ocean
Research Institute (AORI), the University of Tokyo,
the National Institute of Environmental Studies (NIES),
and the Japan Agency for Marine-Earth Science and
Technology (JAMSTEC) in Japan (Hasumi and Emori
2004; Sakamoto et al. 2012). It utilizes a spectral solver
for the three-dimensional primitive equations and accounts for the physical processes appropriate for the
Martian environment, such as radiative effects of gaseous carbon dioxide and airborne dust, condensation/
sublimation of the atmospheric CO2, including the
formation of CO2 ice clouds, snowfalls, and a seasonal
ice cap in the polar atmosphere (Kuroda et al. 2005,
2013). The lower-resolution version (triangular spectral truncation T21, or ;5.68 3 ;5.68) of the MGCM
has been validated against the observed zonal-mean
climatology (Kuroda et al. 2005) and applied to studies
of synoptic dynamical features, such as baroclinic
waves (Kuroda et al. 2007) and polar annular mode
(Yamashita et al. 2007), equatorial semiannual oscillations (Kuroda et al. 2008), dynamical mechanisms of
winter polar warmings during global dust storms
(Kuroda et al. 2009), and CO2 snowfalls in the northern
winter polar atmosphere (Kuroda et al. 2013). This
model has been called the Dynamics, Radiation, Material Transport and Their Mutual Interactions
(DRAMATIC) MGCM and has been used for validation of temperature profiles retrieved from the MGS
radio occultation measurements during the southern
polar night (Noguchi et al. 2014). Also, its output
(temperature and air density) has been applied for investigating the effects of a global dust storm on the
electron densities in the D region of the ionosphere
(Haider et al. 2015). First results obtained with the
high-resolution version of the model have been recently reported in the work of Kuroda et al. (2015).
In this study, we extended our high-resolution simulations to different seasons, as described in section 1. In
the vertical direction, the model domain covers the
Martian atmosphere from the surface to ;80–100 km
and is represented by 49 s levels. Table 1 shows the
distribution of these s coordinates in the model along
with their approximate heights. The MGCM utilizes the
LTE radiation scheme for CO2 molecules based on the
correlated-k distribution method of Nakajima et al.

(2000), which accounts for the radiative transfer in IR
(including the 15-mm band) and near-IR. Thus, effects of
CO2 cooling on the large-scale flow and small-scale
disturbances have been accounted for in the MGCM
self-consistently. Note also that no GW parameterization is included in the model.
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3. Gravity wave variances and covariances
Diagnostics of disturbances in the simulated fields
depend on the definition of the mean. Because our study
focuses on small-scale GWs, it is convenient to designate
the mean in terms of the total horizontal wavenumber
s , s*, with s* approximately corresponding to the
conventional resolution of current MGCMs. Thus, for
any field variable f 5 f 1 f0 , the ‘‘mean’’ f is composed
of larger-horizontal-scale harmonics, and averaging
represents a horizontal coarse graining. Similarly, the
covariance of fluctuating variables f0 and c0 , f0 c0 is the
product of smaller-scale fields f0 and c0 , of which only
the higher-s portion is retained.
The disturbances expressed by the fluctuating field
include not only freely propagating GWs, but also other
types of motions like vortical (e.g., quasigeostrophic)
modes, ‘‘slaved’’ divergent components (trapped GWs),
and two-dimensional turbulence. Nonlinearity further
complicates the analysis by facilitating interactions
between the modes, and dissipation brings into consideration the issue of scales yet smaller than those in
‘‘high resolution’’ simulations. Developing rigorous
GW diagnostics is beyond the scope of this paper.
Instead, we concentrate on small-scale fields, the
properties of which are consistent with vertically
propagating GWs.
Horizontal divergence Dh 5 ›u0 /dx 1 ›y0 /dy is a good
indicator of GW activity because it can entirely be attributed to this class of atmospheric motions. Figure 1
presents two snapshots of Dh calculated for harmonics
with 61 # s # 106 in the troposphere (p5 260 Pa) and
middle atmosphere (p 5 0.1 Pa) at around the Northern
Hemisphere winter solstice (Ls 5 2708). It illustrates
that GW-like disturbances are omnipresent in the atmosphere and that their distributions are highly irregular. It can also be seen from the color shadings that
amplitudes increase with height in accordance with
decreasing background density. There are local geographical enhancements in the lower atmosphere associated with the sources of GWs, in particular in the
mountainous Tharsis region and along the meandering
edge of the winter polar jet in the northern high latitudes [see also movie S1 in the electronic supplement to
the paper of Kuroda et al. (2015)]. In the middle atmosphere (Fig. 1b), there is no longer the enhancement
in the mountainous area, which is an indication of a
strong vertical attenuation of orographically generated
GWs. As discussed in Yi
git et al. (2008), harmonics
with larger phase velocities (i.e., fast waves) have longer vertical wavelengths, which are less affected by
dissipation and/or breaking and, thus, tend to propagate higher. Orographically generated GWs have,
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generally, small phase velocities and have more chances to dissipate or be filtered out by the mean wind
while propagating upward. Clearly, instead of following individual wave packets, the GW field can be more
conveniently characterized in terms of statistical quantities devoid of phase information: namely, in terms of
variances and covariances.
Variances quantify intensities of corresponding fluctuating field variables, while covariances provide additional information about phase shifts between them. Of
particular use are variances of the horizontal wind
u02 5 u02 1 y0 2 and of temperature T 02 . They can be represented in the form of the mean perturbation kinetic Ek
and mean perturbation potential Ep energies (per unit
mass), respectively:
1
1  g 2 T 02
Ek 5 (u02 1 y 02 ) and Ep 5
,
2
2 N T2

(1)

where g is the acceleration of gravity, and N is the
Brunt–Väisälä frequency. The other covariance that we
consider here is the vertical flux of horizontal momentum (per unit mass), u0 w0 5 (u0 w0 , y 0 w0 , 0), where u0 w0
and y0 w0 are the vertical fluxes of the zonal and meridional momenta, respectively. The wave-induced stress
(or the momentum flux) is then expressed by ru0 w,
where r is the mean background density. This vector
quantity characterizes wave propagation and is conserved in the absence of momentum sources and sinks.
Because the spatial resolution of GCMs is always
limited, it is desirable to estimate the missing effects of
subgrid-scale motions on the resolved circulation and to
include them in a parameterized form to, at least, a
certain degree. To get an additional insight into the
relative role of waves with different spatial scales, we
subdivided the total horizontal wavenumber spectrum
into three intervals: S1, S2, and S3, as summarized in
Table 2. The first interval, S1 5 21 # s # 30, encompasses
GWs with the longest wavelengths, which are occasionally resolved in some MGCM simulations. The
other two, S2 5 31 # s # 60 and S3 5 61 # s # 106, characterize medium- and shortest-scale (in the notations
adopted in this paper) components of motions,
respectively.

4. Simulations for the Northern Hemisphere winter
solstice
In this section, we consider the results of simulations
for the northern winter solstice. It occurs close to the
perihelion, when the solar forcing is the strongest and
meteorological processes are most intensive. The plots
presented here are based on the fields averaged
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FIG. 1. Instantaneous distributions of the horizontal divergence composed of small-scale disturbances,
Dh 5 2r21 ›rw0 /›z, at (a) 260- and (b) 0.1-Pa pressure levels around Ls 5 2708. Orthographic plots show (left) the
Western Hemisphere and (right) the Eastern Hemisphere of Mars, with the central longitudes of 908W and 908E,
respectively, and the central latitude of the equator. The time at the central longitude of each plot is 1500 LT.

temporally over one Martian month: that is, between
solar longitudes Ls 5 2708 and 3008.
Figure 2 presents the zonally averaged distributions of
total potential energy (per unit volume) rEp with black
contour lines for the three spectral ranges S1 , S2 , and S3 .
It is seen that, in all the spectral ranges, a significant portion of the energy associated with temperature

fluctuations is concentrated in the lowest atmospheric
layers, with the enhancement near the edge of the winter
westerly jet (at 608N and northward) and in the mountainous region (around 208S), as has been discussed in
the work of Kuroda et al. (2015). In all the spectral intervals, potential energy per unit volume steeply
decreases with height, but with different degrees of
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TABLE 2. Spectral intervals of total horizontal wavenumbers and
approximate correspondence to the wavelengths.
Approximate
wavelength
(km)

Interval

Total
wavenumber

Approximate
Dx at the
equator (km)

2Dx
sense

3Dx
sense

S1 (s 5 21–30)
S2 (s 5 31–60)
S3 (s 5 61–106)

21
31
106

333
214
67

666
428
134

1000
642
200

steepness. The color shades in Figs. 2b and 2c show the
ratios of the potential energies in the spectral ranges S2
and S3 to the spectral range S1 5 21 # s # 30: that is,
Ep (S2 )/Ep (S1 ) and Ep (S3 )/Ep (S1 ), respectively. While
below ;20 km, potential energy in the spectral ranges
S2 and S3 is 2–3 times greater than in S1 , the ratio grows
with height, indicating an increasing contribution of
smaller-horizontal-scale waves. Near 80 km, potential
energy associated with motions from the S2 interval
exceeds that from S1 by a factor of 4–5, and the ratio is
even greater (8–10 times) for the S3 interval, with larger
ratios in the Northern Hemisphere than the Southern
Hemisphere at a given altitude, which suggests that
smaller-scale waves probably play a more dominant
dynamical role in winter than in summer. In the lower
atmosphere, simulations show weaker GW activity in
middle and high latitudes of the Southern (summer)
Hemisphere in all the spectral intervals. In the middle
atmosphere, the latitudinal distribution of potential
energy reflects that in the lower atmosphere for the S1
and S2 intervals (Figs. 2a,b), while fluctuations with
shortest horizontal scales are distributed more
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uniformly. In particular, the red shades in Fig. 2c display
an increasingly larger contribution of smaller-scale
waves between the two peaks of rEp near the surface.
Clearly, fluctuations with shorter horizontal scales
dominate in the middle atmosphere and demonstrate
less dependence on the tropospheric sources.
We now turn to a more detailed examination of wave
activity in the lower atmosphere and consider horizontal
distributions of total perturbation energy (per unit volume) ET 5 r(Ek 1 Ep ). Figure 3a presents the longitude–
latitude plot of ET composed of all harmonics with s $ 21
at the 260-Pa pressure level (;8-km altitude). Two features immediately stand out: 1) an enhanced wave activity
of .780 mJ m23 in the mountainous area (;08–308S, 608–
1208W), and 2) the minimum (,60 mJ m23) in the summer hemisphere high-latitudes southward of ;608S. The
relative contributions of motions from the three spectral
intervals are shown with colors in Figs. 3b–d. The longerscale disturbances from the S1 interval contribute mainly
in the polar regions near the edges of the jets in both
hemispheres. On the contrary, the shortest-scale disturbances S3 dominate in middle and low latitudes. This is
consistent with the observations of Creasey et al. (2006)
and Ando et al. (2012), who also found an enhancement of
temperature fluctuations in the equatorial zone. Over the
mountains, harmonics from the three spectral intervals
contribute to the total wave energy ET approximately
equally. Note that the color scales are not the same.
Figure 4a shows the simulated horizontal distributions
of the mean total perturbation energy presented in a
similar manner as in Fig. 3, but at 0.1 Pa (or ;80 km).
Comparison of Figs. 3a and 4a illustrates how
dramatically wave activity changes in the middle

FIG. 2. Zonal-mean perturbation potential energy (per unit volume) rEp (contours; mJ m23) averaged between Ls 5 2708 and 3008
associated with different resolved scales: (a) the longest-horizontal-scale (S1; 21 # s # 30), (b) medium-scale (S2; 31 # s # 60), and
(c) shortest-scale harmonics (S3; 61 # s # 106). Color shades in (b) and (c) show the ratio of the potential energy in the corresponding
spectral interval to the spectral range S1 [i.e., Ep (S2 )/Ep (S1 ) and Ep (S3 )/Ep (S1 ), respectively].
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FIG. 3. Longitude–latitude distribution of wave energy at the 260-Pa pressure level averaged between Ls 5 2708
and 3008: (a) as a result of all disturbances with the horizontal wavenumber s $ 21; (b) ratio (%) of the energy due to
the longest-scale harmonics (S1 interval; 21 # s # 30) to the total wave energy; (c) as in (b), but for the contribution
of medium-scale harmonics (S2 ; 31 # s # 60); and (d) as in (b), but for the contribution of shortest-scale harmonics
(S3 ; 61 # s # 106). Black contours display the topography.

atmosphere. First, as is also seen in Fig. 2, the magnitude
of ET is significantly reduced, indicating wave dissipation upon vertical propagation. Second, the simulated
total wave energy shows a clear latitudinal gradient with
the largest values of .7.8 mJ m23 at the winter high
latitudes and minimum over the South Pole. Third, wave
activity is dominated by harmonics with the shortest
horizontal scales (Fig. 4d), while contributions of the
longer-scale disturbances progressively decrease with
respect to the p 5 260-Pa level. Most of the wave activity
associated with the shortest wavelengths (s $ 61) is
concentrated at low latitudes, except over the mountainous and polar regions. There, the enhancement
becomes considerably weaker in the middle atmosphere, and the contribution of longer-scale harmonics is
relatively large. Note again that the color shades are not
the same.
Horizontal distributions of vertical fluxes of zonal
momentum (per unit mass) u0 w0 in the lower atmosphere

are plotted for all three spectral intervals in Fig. 5. For a
single GW harmonic i, the corresponding wave flux u0 w0i
is proportional to the product of energy u02
i and the intrinsic horizontal phase speed c^i 5 ci 2 u, where ci is the
observed horizontal phase speed, and u is the mean
zonal wind. Therefore, the sign of the momentum flux
characterizes the propagation of wave disturbances with
respect to the local mean wind, which is also plotted in
Fig. 5 with green contour lines. The direction of the
acceleration produced by the harmonic depends on
the sign of c^i (i.e., it attempts to accelerate the background winds toward ci ). Two areas of strong generation of longest-horizontal-scale disturbances S1 are
seen in Fig. 5a: over the mountainous Tharsis region
and north of it, over the Alba Mons volcano in the
Western Hemisphere, and along the northern edge of
Hellas in the Eastern Hemisphere. The distributions
of fluxes demonstrate very large spatial variability
despite the temporal averaging, occasionally with
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FIG. 4. As in Fig. 3, but for the 0.1-Pa pressure level in the middle atmosphere.

alternating regions of eastward and westward fluxes.
This indicates that excitation is persistently tied to
steady topographical features. Spots of positive and
negative fluxes intermingle, especially in the Tharsis
region and along the northern edges of Hellas Planitia. This feature is consistent with generation by the
alternating near-surface winds, the monthly mean
values of which are small in low latitudes.
The distribution of fluxes in the lower atmosphere for
shortest-horizontal-scale harmonics (Fig. 5c) differs from
that for longer-scale disturbances. Strong westward
(negative) fluxes are induced at all longitudes along the
core of the westerly jet (between ;458 and 708N). This
coupling means that the disturbances lag the mean flow,
or GW harmonics with c , u dominating in the generated
wave packets. At low latitudes, outside the areas of the
westerly jet, the momentum fluxes are mainly positive
(with the exception of the Tharsis region), and their
maxima are located mainly between the equator and
;308S. The distribution of fluxes for the medium-scale
S2 harmonics in Fig. 5b combines the features of the
above-described larger- and smaller-scale waves and

represents a transition between them. Note that the
peak values of momentum fluxes are about the same for
the three spectral intervals.
In the middle atmosphere at p 5 0.1 Pa, momentum
fluxes for shortest-scale harmonics (S3 range) exceed
those due to longest-scale disturbances from the S1
spectral interval by about an order of magnitude
(Fig. 6). This result concerning the dominance of the
contribution of higher wavenumbers in the upper atmosphere is in agreement with the finding for Earth
(e.g., Koshyk et al. 1999). Only in the midlatitude
summer hemisphere, the contribution of harmonics
from the S2 range is close to that from S3 (Fig. 6b). The
signs of fluxes at these altitudes are mainly opposite to
the mean zonal wind and are more aligned with the
latter than in the lower atmosphere. This agrees well
with the known feature of GWs that harmonics traveling against the mean wind are less affected by filtering
and breaking/dissipation (because of their relatively
larger intrinsic phase speed). A closer inspection reveals that the distribution of fluxes in the middle atmosphere does not precisely match that in the lower
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FIG. 5. Vertical flux of wave horizontal momentum (per unit
mass) u0 w0 (color shades) and mean (composed of harmonics with
s # 20) zonal velocity u (contours; m s21) at 260 Pa averaged between solar longitudes Ls 5 2708 and 3008. The contour interval
for u is 20 m s21.

atmosphere. For instance, between the equator and
308N and between 08 and 608E (Fig. 6c), the fluxes in the
middle atmosphere are negative, whereas at the
‘‘source’’ level (p 5 260 Pa) they are weakly positive.
This occurs because the GW spectra in the lower atmosphere consist of harmonics having both positive
and negative components of momentum fluxes, and the
underlying westerly mean wind in low latitudes selectively filters out those with positive sign.
Vertical decay of GW momentum fluxes implies a
transfer of momentum to the larger-scale flow. The

FIG. 6. As in Fig. 5, but for the 0.1-Pa pressure level. The contour
interval for u is 40 m s21.

resulting body force per unit mass leads to an acceleration or deceleration of the latter and is quantified
by the vertical divergence of GW momentum fluxes.
Color shading in Fig. 7 present the calculated mean
zonal forcing (per unit mass),
1 ›ru0 w0
,
ax 5 2
r ›z

(2)

produced by harmonics from the S1 , S2 , and S3 spectral
ranges, where the color shading presents eastward
(ax . 0; red) and westward (ax , 0; blue) drag. The mean
zonal wind is also shown, with contours with eastward
and westward winds represented by solid and dashed
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FIG. 7. Mean zonal drag per unit mass (color shades) due to GW harmonics from (a) S1 , (b) S2 , and (c) S3 spectral
ranges (m s21 sol21). (d) The ratio of the drag created by harmonics from the S3 and S2 spectral intervals. Contour
lines in all panels show the mean (composed of harmonics with s # 20) zonal wind (m s21).

lines, respectively. It is seen that the GW forcing increases with height and is especially strong in the middle
atmosphere. Whether the GW-induced body force
provides acceleration or deceleration is only possible to
determine considering the GW drag and the mean zonal
flow together. As is seen, the main dynamical effect of
dissipating GWs of all horizontal scales is deceleration
of the mean flow. This GW ‘‘drag’’ decreases the wind
speed in both the summer and winter jets and tends to
close them. Note that the winds in the middle atmosphere do not weaken in simulations with low resolution
unless an artificial sponge layer is applied near the
model top (Kuroda et al. 2009) or effects of GWs are
included in a parameterized form (e.g., Collins et al.
1997; Medvedev et al. 2011b). A comparison of the drag
created by disturbances with different horizontal scales
in Figs. 7a–c shows that most of the contribution comes
from shorter-scale components. To further quantify this,
we plotted in Fig. 7d the ratio of ax created by harmonics
from the S3 and S2 spectral intervals. It is seen that the
GW drag due to the shortest resolved disturbances
(s $ 61) exceeds that due to the medium-scale waves

(31 # s # 60) from a factor 4 to more than 10. The relative importance of the shortest-scale waves is even
greater in comparison with the longest-scale harmonics
from the S1 interval. The magnitudes of the drag (tens of
meters per second per sol in the mesosphere) are in a
very good agreement with those obtained in simulations
with the parameterized GW drag (Medvedev et al.
2011a,b) but are smaller than estimated from aerobraking measurements by Fritts et al. (2006). This contradiction is easily reconciled if we turn to the fact that
the quantities presented here are zonally and temporally
averaged, whereas the estimates of Fritts et al. (2006)
have been obtained from individual measurements. Instantaneously, wave drag in our simulations can indeed
reach thousands of meters per second per sol.

5. Simulations for the northern autumn equinox
As in the previous section, we present results of simulations in the form of monthly mean (averaged between Ls 5 1808 and 2108) fields. The distribution
of potential energy rEp for small-horizontal-scale
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FIG. 8. As in Fig. 2, but for the potential energy averaged between solar longitudes Ls 5 1808 and 2108.

disturbances in Fig. 8 shows a lot of similarities with the
solstitial one: approximately the same magnitudes, a
steep vertical decay, indicating strong wave absorption,
and the dominance of short-scale harmonics at the upper
layers. The main difference is in the latitudinal dependence. In the lower atmosphere, the distribution is
symmetrical with respect to the equator, especially in
the S1 and S2 spectral intervals, with the maximum of
wave activity in low latitudes. This is consistent with all
the existing observations below 30 km (Creasey et al.
2006; Ando et al. 2012; Wright 2012). Above, the zonalmean distribution of potential energy noticeably
changes. The maxima of wave activity move progressively with height to mid- and high latitudes, which is
especially well seen for shorter-scale harmonics from S2
and S3 in Figs. 8b and 8c. Such behavior reflects the influence of the equinoctial westerly jets in both hemispheres on the atmospheric refraction and on GW
propagation. The color shades in Figs. 8b and 8c demonstrate that, like in the solstice, shorter-horizontal-scale
harmonics propagate more effectively and, therefore,
dominate in the middle atmosphere. It is seen that, near
the model top, harmonics from the S3 interval contribute
up to a factor of 10 more to wave potential energy than do
the longer-scale disturbances from S1 .
Horizontal distributions of the simulated total perturbation energy of small-scale motions ET 5 r(Ek 1 Ep )
are shown at the two pressure levels in Fig. 9. A significant
enhancement of wave activity in the lower atmosphere
( p 5 260 Pa; Fig. 9a) created by all harmonics with s $
21 is seen over the mountains. This agrees well with
the finding of Tellmann et al. (2013) from radio occultation measurements that the largest GW activity
in the lower atmosphere occurs over the elevated
terrain. The contribution of shortest-horizontal-scale

harmonics with s $ 61 to the total energy is, on average,
around 50%, locally exceeds 60%, and is concentrated
mainly in middle and low latitudes (Fig. 9b). In high
latitudes of both hemispheres, these waves provide
only around 20%. Note that in the mountainous regions the share of shortest waves is about one-third,
which is below the average. The other two-thirds of
wave energy are produced almost equally by harmonics
from the S1 and S2 spectral intervals. Thus, our simulations demonstrate that flow over mountains is the
source of waves with broad horizontal scales.
In the middle atmosphere, the distribution of wave
activity significantly changes ( p 5 0.1 Pa; Fig. 9c). As in
the solstice simulations, the maximum of activity is in
middle and high latitudes of the Northern Hemisphere.
The minimum of wave energy is in low latitudes, with the
exception of the mountainous regions, where ET is about
half of that over the North Pole. The contribution of
the shortest harmonics from the S3 interval is larger
than in the lower atmosphere: more than 50% everywhere and more than 70% in low and middle
latitudes (Fig. 9d). Notably, the distributions of wave
activity due to the shortest waves in the middle atmosphere simulated for the solstice and equinox are
very similar despite the significant differences in the
lower atmosphere.
The latter is not the case for distributions of momentum fluxes (per unit mass), which are shown in
Figs. 10a and 10b. The magnitudes of fluxes of up to
60.16 m2 s22 are close to those at the solstice, but their
directions/signs differ significantly. Positive fluxes are
seen only in the equatorial region in both the lower and
middle atmosphere, whereas negative ones dominate
around the globe, in particular with large magnitudes at
middle latitudes. These fluxes are directed, generally,
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FIG. 9. Wave energy ET 5 r(Ek 1 Ep ) averaged between Ls 5 1808 and 2108: (a) energy at p 5 260 Pa due to
harmonics from all three spectral intervals (S1–S3); (b) relative contribution to the total energy of shortest-scale (S3)
GWs (%) at p 5 260 Pa; (c) energy due to all harmonics 21 # s # 106 at p 5 0.1 Pa; and (d) relative contribution to
ET of harmonics from the S3 interval. Contours denote the topography.

opposite to the mean (large scale, s # 20) wind, the
zonal-mean values of which are plotted in Fig. 10c with
contours. As in the solstitial simulation, fluxes associated with longer-scale (S1 and S2) harmonics are, generally, smaller than those due to the shorter-scale S3
(not shown here). The main effect of dissipating smallscale disturbances is to decelerate the larger-scale flow.
The mean zonal forcing calculated from Eq. (2) is
plotted in Fig. 10c with color shades. It is seen that this
wave drag is significant (tens of meters per second per
sol) in the middle atmosphere. It therefore cannot be
ignored and has to be accounted for in GCM simulations with lower resolution. To illustrate the relative
dynamical importance of harmonics with different
horizontal scales, we plotted the ratio of momentum
depositions due to disturbances from the S3 and S2 intervals in Fig. 10d. This shows that, as in the solstic, the
harmonics with the shortest resolved horizontal scales

S3 impose a mean flow forcing that is, by more than a
factor of 4, larger than the longer-scale wave effects on
the mean flow.

6. Discussion and conclusions
We performed simulations with a high-resolution
Martian general circulation model (MGCM) to investigate for the first time the global distribution of
gravity waves (GWs) and their dynamical effects on Mars
from the surface to the middle atmosphere. These simulations provide a surrogate for measurements of smallscale GWs, which are insufficient or lacking at the current
stage of Mars exploration. The model with the T106
spectral truncation explicitly resolves horizontal scales up
to 200 km (in the 3Dx sense) or 133 km (in the 2Dx sense).
Parameterizations of subgrid GWs in Earth and Mars
GCMs with conventional resolution utilize ‘‘effective’’
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FIG. 10. Zonally averaged vertical flux of horizontal wave momentum per unit mass u0 w0 due to the shortest
resolved harmonics from the S3 interval at (a) p 5 260 and (b) p 5 0.1 Pa (color shades). (c) GW zonal drag per unit
mass (color shades; m s21 sol21). (d) Ratio of the drag shown in (c) to that created by medium-scale harmonics from
the S2 interval (color shades). Black contour lines in (a) and (b) denote the topography. Green contour lines in
(a) and (b) and black contour lines in (c) and (d) denote the simulated mean zonal wind composed of harmonics
with s # 20 (m s21). The results are averaged between Ls 5 1808 and 2108.

horizontal wavelengths of several hundred kilometers.
Our simulations adequately capture the effects of such
waves, and thus the results can be used to better constrain
and validate GW parameterizations. The high-resolution
simulations presented here, however, do not capture
convectively generated GWs with typical horizontal
scales of tens of kilometers, the dynamical effects of
which may be appreciable in the Martian atmosphere
(Imamura et al. 2016). Our analysis of GWs concentrates
on the spectral range s 5 21–106, which we separated into
large- (S1 : 21 # s # 30), medium- (S2 : 31 # s # 60), and
small-scale (S3 : 61 # s # 106) wave ranges in order to
better assess their relative significance. The main
inferences of our study along with a short discussion of
consequences for GW parameterizations are as follows:
1) Largest perturbation energy densities associated with
the resolved wave scales are found in the lower

atmosphere, confirming that the Martian troposphere is the primary source of a broad range of
internal GWs.
2) Shorter-horizontal-scale harmonics progressively
dominate with height, and their dynamical influence
on the larger-scale flow (GW drag) increases. This is
not fully unexpected. Koshyk et al. (1999) demonstrated within the framework of terrestrial GCMs
that, in the middle atmosphere, the energy spectra
decay with respect to the wavenumber is shallower
(smaller negative exponent in the power function)
for the divergent component of motions than for the
vortical one. This means that the relative contribution to the total energy of shorter-scale GWs, which
are usually associated with divergent motions, increases with height. There is a practical implication
of this finding: if one wants to parameterize GW
effects in the upper atmosphere, it should be done
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3)

4)

5)

6)
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for the shorter-scale harmonics first. Again, this
conclusion can only be attributed to the waves with
the scales resolved in our simulations, whereas
amplitudes of convectively generated GWs with
even shorter wavelengths have yet to be evaluated.
The average dynamical effect of shorter-horizontalwavelength waves is the deceleration of the largerscale flow. This effect is well known in the terrestrial
context and has now been validated with direct
simulations for Mars. The GW drag decreases the
wind speed in the jets and tends to reverse them in
the middle atmosphere. Magnitudes of the drag (in
the mean sense) are tens of meters per second per sol
there and are in very good agreement with the
estimates obtained using a state-of-the-art nonlinear GW parameterization of Yi
git et al. (2008)
(Medvedev et al. 2011a,b). Our simulations demonstrate that the effects of small-scale GWs are
extremely important and cannot be ignored in the
middle atmosphere of Mars.
In the lower atmosphere, wave energy associated
with shortest-scale harmonics is concentrated in low
latitudes. This agrees well with available observations below 30 km (Creasey et al. 2006; Ando et al.
2012; Wright 2012) covering Martian solstices and
equinoxes. In current applications of GW parameterizations in Martian GCMs, sources in the troposphere are assumed to be uniform across the globe.
The revealed enhancement of GW energy in low
latitudes should be taken into account in the future.
Topographically induced GWs contribute significantly to the total wave perturbation energy in the
Martian lower atmosphere at all horizontal scales
during both the equinox and the solstice. These
disturbances dominate in the mountainous regions,
such as the Tharsis region. Upon vertical propagation, orographically generated harmonics, which
have small horizontal phase speeds, strongly decay.
In the middle atmosphere, their influence steeply
decreases in comparison with other harmonics originated in the troposphere. This behavior, to a first
approximation, suggests that orographic GWs can
probably be neglected above a certain height in the
thermosphere, while they must certainly be taken
into account in the lower and middle atmosphere.
Net vertical fluxes of wave horizontal momentum are
directed mainly against the large-scale local wind in
the lower atmosphere. This orientation means that
GW harmonics with large intrinsic phase speeds
ci 2 u—that is, waves with phase propagation opposite to u—dominate. This information can be used for
prescribing GW sources in parameterizations formulated in terms of momentum fluxes.
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