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Abstract The paper presents results of simulations with a high-resolution (equivalent to ∼67-km grid
size) Martian general circulation model (MGCM) from the surface up to the mesosphere for a full Martian
year. The obtained climatology of the small-scale disturbances can serve as a proxy for gravity waves (GWs)
that are largely not resolved by MGCMs with conventional grid resolution and thus have to be
parameterized. GW activity varies greatly with season and geographical location, which contradicts with
the constant in space and time sources in the lower atmosphere adopted by GW parameterizations
employed by coarse-grid MGCMs. In particular, lower-atmospheric GW activity is smaller in polar regions
of the troposphere throughout all seasons, and the intensity is larger in southern spring and summer and in
winter hemisphere at both solstices. In the mesosphere, the peak of GW activity shifts toward middle and
high latitudes, and the interhemispheric symmetry is much larger compared to the lower atmosphere. The
detailed climatology created in this study can be used for prescribing sources of GWs in parameterizations
utilized by MGCMs as well as for validating the parameterizations in the middle and upper atmosphere.

1. Introduction
Internal gravity waves (GWs) are a characteristic feature of all planetary atmospheres. They have been
extensively studied in Earth's atmosphere, where their dynamical and thermodynamical importance was
recognized (Fritts & Alexander, 2003). GWs contribute to vertical coupling between the lower and upper lay-
ers of the atmosphere (see, e.g., the recent reviews by Yiğit & Medvedev, 2015; Yiğit et al., 2016). The primary
sources of GWs lie in the lower atmosphere and are due to a variety of meteorological processes, such as flow
over topography, instability of weather systems, nonlinear interactions, frontal activity, and convection. GW
processes are particularly remarkable on Mars as their amplitudes in the lower and middle atmospheres
are much larger than on Earth (Altieri et al., 2012; Creasey, Forbes, & Hinson, 2006; Tellmann et al., 2013;
Wright, 2012). High-altitude signatures of GW activity have been routinely detected in the Mars Global Sur-
veyor (MGS) and Mars Odyssey aerobraking densities (e.g., Creasey, Forbes, & Keating, 2006; Fritts et al.,
2006) and, more recently, in the Mars Atmosphere Volatile Evolution Mission measurements (England et al.,
2017; Terada et al., 2017; Yiğit, England, et al., 2015). The new data provide further motivation for studying
the GW activity and its impact on the Martian whole atmosphere system.

GW spectra in the Martian lower atmosphere are represented by a broad range of harmonics. In particular,
the vertical wave number spectra demonstrate remarkable similarities to those in Earth's atmosphere (Ando
et al., 2012). Upward-propagating GWs transport energy and momentum from denser layers and deposit
them to the mean flow upon dissipation, breaking, and obliteration, thus exerting dynamical and thermo-
dynamical forcing on the larger-scale flow. Therefore, a knowledge of the vertical evolution of GW activity
can provide insight into and quantify the effects of GWs on the mean flow. Propagation of GWs is very sensi-
tive to background winds and temperature as wave dissipation is a function of the background atmospheric
properties. Hence, observed distributions of GW activity can provide more insight into the structure of the
larger-scale circulation. GWs facilitate formation of so-called high-altitude CO2 clouds in the Martian meso-
sphere by creating pockets of cold air (Spiga et al., 2012; Yiğit, Medvedev, & Hartogh, 2015; Yiğit et al., 2018).
Although these are localized phenomena, statistical distributions of GW activity and the clouds are tightly
related.

Two practical techniques are used to capture the impact of GWs on the dynamics and energetics of plan-
etary atmospheres in general circulation models (GCMs). One is to use appropriate parameterizations of
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subgrid-scale GWs in GCMs with a conventional (coarse-grid) resolution (e.g., Yiğit et al., 2009, 2014; Yiğit &
Medvedev, 2017, in the Earth context) and for Mars (Medvedev, Yiğit, Hartogh, et al., 2011; Medvedev et al.,
2013; Yiğit, Medvedev, & Hartogh, 2015). The other approach consists of increasing the resolution of GCMs
in an attempt to resolve a significant portion of small-scale GWs and capture their impact on the dynam-
ics. Relatively few global models have been applied to Mars at the resolutions needed to resolve GW (∼1◦

or better; Kuroda et al., 2015, 2016; Miyoshi et al., 2011; Pottier et al., 2017), yet observations of small-scale
disturbances in the Martian atmosphere are far less numerous than on Earth. Hence, such GW-resolving
models are useful tools for studying the behavior of GWs. In our previous paper (Kuroda et al., 2015), we
reported on the first global view of the GW field in the Martian atmosphere based on a 20-sol simula-
tion around the perihelion season (Ls ≈ 270◦). More detailed consideration of the GW behavior on Mars
was given in our study that followed (Kuroda et al., 2016). It was based on longer simulations and encom-
passed two representative seasons—northern fall equinox (solar longitudes Ls = 180◦ − 210◦) and winter
solstice (Ls = 270◦ − 300◦). There, we explored the spectral decomposition of GW-related quantities, total
wave energy, horizontal momentum flux divergences, and other aspects of the GW field. In this paper, we
focus on the full seasonal variability of the GW activity. For the first time, we performed simulations with
a GW-resolving model for the entire Martian year. The fields to be presented here are either readily compa-
rable to available observations (amplitudes of temperature fluctuations and GW potential energy) or can be
used for constraining and validating GW parameterizations in Martian GCMs (kinetic energy and horizontal
momentum fluxes).

The structure of the paper is as follows: The next section describes the high-resolution Martian GCM
(MGCM); section 3 presents the annual mean and seasonal mean GW activity; section 4 studies the seasonal
variations of GW activity, and section 5 focuses on latitudinal variations. Results are discussed in section 6
and summary and conclusions are presented in section 7.

2. Methodology
2.1. High-Resolution MGCM
The MGCM employs the spectral dynamical core of the Model for Interdisciplinary Research On Climate
terrestrial GCM, which was developed collaboratively by the Atmosphere and Ocean Research Institute,
The University of Tokyo, the National Institute of Environmental Studies, and the Japan Agency for
Marine-Earth Science and Technology in Japan (K-1 Model Developers, 2004; Sakamoto et al., 2012). The
implemented physical parameterizations suitable for the Martian atmosphere have been described in detail
in the works by Kuroda et al. (2005, 2013). The lower-resolution version of the MGCM has been validated
against the observed zonal mean climatology (Kuroda et al., 2005) and applied for studies of baroclinic plane-
tary wave activity (Kuroda et al., 2007), annular mode variability in the middle and high latitudes (Yamashita
et al., 2007), equatorial semiannual oscillations (Kuroda et al., 2008), winter polar warmings during dust
storms (Kuroda et al., 2009), and CO2 snowfalls during northern polar winters (Kuroda et al., 2013). Recently,
this model has been used for validating the temperature retrievals from the MGS radio occultations dur-
ing the southern polar night (Noguchi et al., 2014), studying modulation of CO2 clouds by stationary and
transient waves (Noguchi et al., 2017), and exploring the influence of a global dust storm on the electron
densities in the D region of the ionosphere (Haider et al., 2015).

2.2. Experiment Design
The simulations have been performed with the T106 spectral truncation corresponding approximately to a
horizontal resolution of 1.1◦ × 1.1◦ (or ∼67 km), similar to that described in Kuroda et al. (2015, 2016). The
vertical domain is represented by 49 𝜎-layers extending up to 𝜎 ∼ 2 × 10−5, as shown in Table 1 of Kuroda
et al. (2016). This setup captures the generation and propagation of GWs with horizontal wavelengths of
3Δx ∼ 200 km and longer and, to some extent, their vertical attenuation due to nonlinear processes. The
dynamical and thermal importance of such waves unresolved by MGCMs with lower resolution in the Mar-
tian atmosphere has been demonstrated in the works of Medvedev, Yiğit, and Hartogh (2011), Medvedev,
Yiğit, Hartogh, et al. (2011), and Medvedev and Yiğit (2012), correspondingly.

We perform a simulation for a full Martian year (669 sols) with the dust opacity of 0.2–0.6 in the infrared
wavelength, with seasonal and latitudinal changes similar to the “MGS dust scenario” of the Mars Cli-
mate Database (see Figure 1 of Montmessin et al., 2004) and vertical profiles based on Conrath (1975;
implemented opacity is included in the open data set, see Acknowledgements) and express the major
prognostic fields variables and diagnose GW activity in terms of wave potential energy per unit mass Ep and
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Figure 1. Annual mean distribution of the geopotential height (in km) as a
function of pressure levels.

wave-induced neutral temperature fluctuations T′ . Figure 1 presents the
approximate planetary potential heights as a function of the model pres-
sure levels. It is seen that the model extends up to about 80 km into the
upper mesosphere.

2.3. Small- and Large-Scale Fields
The spectral dynamical solver of our MGCM allows for a straightfor-
ward horizontal-scale separation of simulated fields. We define the total
horizontal wave number s* such that the components with s > s* are
attributed to small scales (disturbances), while those with s ≤ s* rep-
resent large scales (background). Therefore, any variable 𝜙 can be split
into the mean �̄� and a deviation 𝜙

′ such that the field variable is a linear
superposition of them: 𝜙 = �̄�+𝜙′. The meaning of the covariance of two
fluctuating variables 𝜙′ and 𝜂

′ immediately follows from this definition.
Thus, 𝜙′𝜂′ is the product of two small-scale (s > s*) fields, of which only
the larger-scale portion (s ≤ s*) is retained. The results of diagnostics pre-
sented in the paper have been obtained using s* = 60, corresponding to
the “shortest-scale” harmonics in the paper of Kuroda et al. (2016). This
value corresponds to a horizontal resolution at the equator of approxi-
mately Δx ≈ 118 km. Hence, motions with horizontal scales less than
236 km (in the 2Δx sense) or 354 km (in the 3Δx sense) are considered as
representative of short-scale (or small-scale) waves.

A note of caution should be added here with respect to the adopted defini-
tion. Although a significant portion of the short-scale fields is associated
with GWs, the former includes also types of motions other than freely
propagating GW harmonics like vortical (nondivergent) modes, “slaved”
divergent (trapped GW) components, and turbulence. Despite the lack

of more sophisticated diagnostics, this approach is perfectly justified, because its results can be directly
compared with the existing and future observations of small-scale fields, which are loosely called “gravity
waves.”

3. Annual and Seasonal Mean GW Activity
We first present the annual mean results for GW activity in terms of the potential energy per unit mass Ep
(J/kg)

Ep = 1
2

( g
N

)2 T′2

T̄2
(1)

and the root-mean-squared (RMS) temperature fluctuations Trms = |T′ |. Values of Ep and |T′ | averaged ver-
tically between 100- and 10-Pa pressure levels (see Figure 1) are plotted in the form of latitude-longitude
maps in Figures 2a and 2b, respectively, as proxies for the lower atmospheric GW activity. Geographical dis-
tributions of Ep and T′ resemble each other quite well as Ep is proportional to the temperature variance T′2.
It is seen that there is an increased GW activity at western longitudes with peak values of up to 25 J/kg, in
particular, between 60◦ and 130◦W, with the slightly elevated activity in the northern hemisphere. Hot spots
of the simulated GW activity are closely related to the topography and coincide with mountainous regions in
concordance with observations (Tellmann et al., 2013). For example, strong GW activity is seen around Alba
Patera, Olimpus Mons, and Elysium Mons in the northern hemisphere, around Tharsis Montes and Valles
Marineris at equatorial latitudes, and around Hellas Planitia in the southern hemisphere. It is noteworthy
that the GW activity at high latitudes is relatively small in the lower atmosphere. If the localized spots asso-
ciated with mountains are excluded, the simulated annual mean |T′ | of ∼1 to 1.5 K is very close to the values
observed between 10 and 30 km (e.g., Creasey, Forbes, & Hinson, 2006; Wright, 2012). This “background”
magnitude was also used for constraining lower atmospheric sources in the GW parameterization utilized
in MGCM simulations (e.g., Medvedev et al., 2013, 2015, 2016; Yiğit, Medvedev, & Hartogh, 2015).

The pressure-latitude distributions of the annually averaged zonal mean Ep and |T′ | are shown in Figures 2c
and 2d, respectively. Both Ep and |T′ | increase as a function of altitude owing to the growth of amplitude
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Figure 2. Annual mean distributions of the wave potential energy Ep (left column) and the amplitude of wave-induced fluctuations of temperature Trms = |T′ |
(right column): longitude-latitude cross sections averaged between 10- and 100-Pa pressure levels (a,b); latitude-pressure cross sections averaged zonally (c,d);
and longitude-pressure distributions averaged over all latitudes (e,f).
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Figure 3. Longitude-latitude distributions of the gravity wave potential energy (per unit mass) in the lower atmosphere averaged between 10- and 100-Pa
pressure levels for four characteristic seasons: (a) mean for solar longitudes Ls = 30◦ to 60◦; (b) for Ls = 75◦ to 105◦; (c) for Ls = 210◦ to 240◦; and (d) for
Ls = 255◦ to 285◦.

with height due to density stratification, which is consistent with vertically propagating GWs. For example,
Ep increases from ∼1 J/kg in the lower atmosphere to more than 200 J/kg at around 80 km (p = 0.03 Pa),
while |T′ | increases from 1 to ∼8 K in the same altitude range. It is seen that the GW activity is greater at low
latitudes of the lower atmosphere (below ∼40 km), and the maximum Ep and |T′ | shift poleward with height
in both hemispheres, as is seen in Figures 2a and 2b. The altitude-longitude distributions of the latitudinally
averaged GW activity parameters, Ep and |T′ |, are shown in Figures 2e and 2f in a similar fashion. As was
mentioned above, more small-scale activity is seen in the western hemisphere in the lower atmosphere. This
longitudinal asymmetry occurs in the simulations at all pressure levels up to the top of the model.

Quantifying sources in the lower atmosphere is extremely important for understanding GW effects in the
upper atmosphere and for capturing them with GW parameterizations in MGCMs. We now look in more
detail into the geographical distribution of the lower atmospheric GW activity. Figure 3 shows the maps of
Ep for two solstices (averaged between Ls = 75◦ − 105◦ and Ls = 255◦ − 285◦, right column) and for two
equinox-to-solstice transition periods (Ls = 30◦ − 60◦ and Ls = 210◦ − 240◦, left column). The upper panels
are representative of the aphelion season, while the lower panels correspond to the perihelion. Overall,
the GW activity is larger during solstices in comparison with the transition periods. The GW activity at
perihelion is noticeably larger than at aphelion. Hemispheric differences in GW activity are also substantial,
revealing seasonal variations. In particular, the wintertime GW activity is much larger compared to the
summertime one. The seasonal differences are greater during the perihelion (Ls = 255◦ − 285◦) than during
the counterpart aphelion season (Ls = 75◦ − 105◦) and demonstrate a persistent hemispheric asymmetry
in wave activity. It is remarkable that the peak GW activity during the perihelion in the northern (winter)
hemisphere is 10 times larger than in the southern (summer) hemisphere: The peak values are 30 J/kg versus
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Figure 4. Seasonal-latitude distributions of the zonally averaged GW quantities in the troposphere (pressure level of
260 Pa). The GW field is represented by the “shortest-scale” spectral harmonics defined in Kuroda et al. (2016), s = 61
to 106: (a) amplitude of GW-induced temperature fluctuations |T′ |; (b) GW potential energy Ep; (c) vertical flux of GW
zonal momentum (per unit mass) u′w′; and (d) vertical flux of meridional momentum (per unit mass) v′w′.
GW = gravity wave.
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Figure 5. The same as in Figure 4 but in the mesosphere at pressure level 0.1 Pa.
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3 J/kg. Weak GW activity persists at high latitudes at all times in the lower atmosphere, which is consistent
with the annual mean analysis.

We next note the discrepancies between our simulated annual mean distribution of Ep (Figure 2a) and that
based on MGS radio occultation data (Figure 3 of Creasey, Forbes, & Hinson, 2006). The simulations over-
estimate the values in northern midlatitudes and underestimate in low latitudes except near mountains.
A possible reason for the former may be the lack of observational data in the northern hemisphere during
northern winter (Creasey, Forbes, & Hinson, 2006, Figure 4), where and when the model predicts large val-
ues of Ep. Thus, in the absence of observations, the annual mean may be biased. Another reason for the
discrepancies is that Ep derived from the observations likely includes contribution from convectively gen-
erated GWs. Such waves have horizontal wavelengths comparable to typical sizes of convective cells and/or
of envelopes of convective systems, mainly ranging from a few kilometers to several tens of kilometers but
generally shorter than 200 km (Imamura et al., 2016). Such waves are not resolved by our model with the cur-
rent resolution. Therefore, the enhanced convective activity is not reproduced in our model, which results
in the absence of the associated GW activity in low latitudes.

4. Seasonal Variation of GW Activity
Our simulation results indicate so far that the GW activity demonstrates strong altitude, geographical, and
seasonal variations. We next consider in more detail the seasonal changes of GW activity. Figure 4 presents
the latitude-Ls variations of (a) the zonal mean GW temperature fluctuations |T′ |, (b) kinetic energy per unit
mass given by

Ek = 1
2
(u′2 + v′2), (2)

and vertical fluxes of (c) the zonal and (d) meridional momentum, u′w′ and v′w′, respectively, at 260 Pa in
the lower atmosphere. Note that the primed quantities notate the small-scale portion of the resolved fields
corresponding to the total wave numbers 61 ≤ s ≤ 106. In the lower two panels, we have overplotted the
associated mean winds, that is, the zonal and meridional winds. Distributions of the small-scale temperature
fluctuations and kinetic energy provide further insight into the results presented above. First, it is seen
that they do not fully coincide, although are strongly correlated. In the lower atmosphere, the GW activity
maximizes at equatorial and middle latitudes while remaining relatively small at high latitudes throughout
the Martian year. Depending on the season, a factor of 10 difference can be seen in terms of wave activity
between the low and high latitudes. Furthermore, there is a clear increase in GW activity from aphelion to
perihelion season, as already indicated in the previous analysis, and the regions of enhanced wave activity
spread in latitude. This phenomenon is more clearly seen in the wave kinetic energy. While |T′ | and Ek
characterize the magnitude of wave activity, the momentum flux also carries information on the direction
of wave propagation. During aphelion and perihelion, overall westward momentum flux dominates in the
winter hemispheres, and the eastward momentum flux is present in the summer hemispheres. Peak values
are ±0.08 J/kg around low to middle latitudes. The fluxes are larger in the winter hemispheres compared
to the summer ones. A closer inspection shows that GW momentum flux is directed, generally, against the
mean wind, at least in the zonally averaged sense and as would be expected from GW filtering by mean
winds (Yiğit & Medvedev, 2015). The meridional momentum fluxes are much weaker than the zonal ones
during aphelion, and only in the equatorial and middle latitude regions during perihelion do the meridional
fluxes have the same magnitudes as the zonal ones.

Figure 5 presents the latitude-Ls variations of the GW activity in the mesosphere around 70 km (0.1-Pa pres-
sure level) in the same manner as in Figure 4. These results demonstrate again that GW amplitudes and
the associated covariance quantities increase with altitude. First, the peak GW activity in the mesosphere is
found at high latitudes during both solstices. This differs from the lower atmosphere, where the maximum
wave activity occurs at lower latitudes. Second, the locations of the maxima of temperature and wind fluc-
tuations (kinetic energy) coincide, unlike in the lower atmosphere. Specifically, the maxima of |T′ | ≈ 11 K
and Ek ≈ 1, 100 J/kg are centered around perihelion and 65◦ latitude in the northern (winter) hemisphere.
The hemispheric asymmetry of GW activity is more pronounced in the mesosphere than in the lower atmo-
sphere. GW momentum fluxes are much larger during solstices. Examination of the fluxes together with the
background winds suggests that propagation conditions are more favorable for waves whose fluxes oppose
the direction of the wind (i.e., waves are directed against the flow). Since the zonal mean winds are mainly
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Figure 6. Vertical-seasonal cross sections of the GW-related quantities at the equatorial region (averaged between 5◦S
and 5◦N: (a) amplitude of GW-induced temperature fluctuations |T′ |; (b) GW potential energy Ep; (c) vertical flux of
GW zonal momentum (per unit mass) u′w′; and (d) vertical flux of meridional momentum (per unit mass) v′w′.
GW = gravity wave.
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Figure 7. The same as in Figure 6 but for the northern midlatitudes (averaged between 45◦N and 55◦N).
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Figure 8. The same as in Figure 6 but for the southern midlatitudes (averaged between 45◦S and 55◦S).
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easterlies at summer and westerlies in winter, the zonal mean GW fluxes are directed eastward in the sum-
mer hemisphere and westward in the winter hemisphere. The meridional fluxes, although weaker than the
zonal ones, overall exhibit a similar behavior in terms of being oriented mainly against the mean background
winds. This anticorrelation, however, does not hold strictly, and there are some regions where directions of
GW fluxes and mean winds coincide, for example, in low latitudes.

5. Latitudinal Variations of GW Activity
In order to present the climatology of the simulated small-scale disturbances, we next study GW parame-
ters as functions of altitude and season at three representative latitudes. Figures 6–8 show the pressure-Ls
cross sections of the GW-related variables at the equator, northern, and southern hemisphere midlatitudes,
respectively. In each case, we performed averaging within 10◦ latitude bins, that is, 5◦N–5◦S, 45–55◦N, and
45–55◦S. The same color scaling and contour intervals are used for all three figures for better comparison.
Overall, increase of GW activity with altitude is reflected clearly in all latitude sectors. At low latitudes, both
the kinetic energy and temperature fluctuations maximize in the mesosphere around perihelion Ls = 270◦

with values of ∼800 J/kg and 9 K, correspondingly. In the lower atmosphere, zonal mean fluxes of zonal GW
momentum are larger during solstices, while in the mesosphere, they clearly display a semiannual periodic-
ity (Kuroda et al., 2008). In the lower atmosphere, zonal momentum fluxes are directed primarily against the
mean winds. Higher up in the mesosphere, the fluxes are oriented both against and with the mean winds.
Meridional fluxes have smaller magnitudes in the lower atmosphere. In the mesosphere during perihelion,
the figure shows significant GW fluxes directed against the mean wind.

Intercomparison of the midlatitudes in both hemispheres demonstrates that the small-scale GW activity
maximizes in the mesosphere during winters: at perihelion in the northern hemisphere (Figures 7a and 7b)
and at aphelion in the southern hemisphere (Figures 8a and 8b). The altitude and seasonal distributions of
wave momentum fluxes at midlatitudes demonstrate a quite different behavior compared to those at low
latitudes. At both southern and northern midlatitudes, zonal and meridional momentum fluxes are pre-
dominantly directed against the corresponding zonal mean winds. This anticorrelation is due to the strong
filtering of vertically propagating GWs by the background winds. Thus, strong easterly winds at winter sea-
sons (during perihelion in the northern hemisphere and aphelion in the southern hemisphere) remove
preferentially harmonics traveling in the same direction and phase speeds close to the background wind
(critical level filtering), leaving those propagating in the opposite direction. Note that the zonally averaged
meridional fluxes are much weaker than the zonal ones, similarly to the ratio of the mean meridional to
zonal wind. Such disparities are the results of averaging, rather than the differences in the instantaneous
values of the quantities.

6. Discussion
In the absence of wave dissipation, GWs grow exponentially in amplitude on their way to the upper atmo-
sphere, as presented in Figures 2c–2f in the variations of wave potential energy per unit mass and RMS
temperature fluctuations. This behavior is a consequence of wave action conservation. It manifests itself
as an exponentially growing wave amplitude with increasing height z in a stratified fluid, which Mars'
atmosphere is.

Our results demonstrate that the GW activity (judged by the small-scale fluctuations of temperature and
wind) in the lower atmosphere maximizes at low latitudes (Figure 4), at least in an annual mean sense.
In the upper atmosphere, the peak of GW activity shifts toward middle and high latitudes (Figure 5). This
phenomenon provides systematic evidence of the refraction and filtering that the mean winds impose on
upward-propagating GWs. The lower-atmospheric GW activity is not directly mapped to higher altitudes.
The spatially varying background winds produce critical level filtering for some harmonics of the incident
spectrum and modulate the propagation and dissipation of others. The most prominent phenomenon in this
context is the Doppler shifting. Propagation of a GW harmonic in a varying background wind ū depends on
its phase velocity with respect to the wind (intrinsic velocity) ĉi = ci − ū rather than its phase velocity ci with
respect to the surface. Therefore, waves whose propagation direction coincides with that of the ambient wind
have smaller ĉi and, thus, are more susceptible to dissipation and/or breaking than harmonics traveling in
the opposite direction. The latter can ultimately penetrate to higher altitudes.
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The simulated GW activity demonstrates a complex seasonal behavior. It is the strongest during the peri-
helion season, both in the lower and middle atmosphere. The activity is also distinctively asymmetric with
respect to the equator. One of the powerful sources of GWs in the lower atmosphere is the instability of
the circumpolar vortex in the winter hemisphere (e.g., see Kuroda et al., 2007, for details). The large latitu-
dinal temperature gradient in the polar region facilitates baroclinic instability of the mean westerly jet in
midlatitudes, which also results in enhanced generation of GWs. Figure 4 illustrates that this mechanism
is strongest in the northern hemisphere during perihelion and is much weaker in the southern hemisphere
during aphelion. The maxima of GW activity in the middle atmosphere in Figure 5 are associated with these
sources. Note that they are shifted poleward due to the refraction and filtering, as described above. This also
indicates that the wave field in the winter hemisphere is composed of mainly fast GW harmonics, which sur-
vived the filtering by the mean zonal jet by traveling against it. In low latitudes, the middle atmosphere GW
activity is weaker, if compared to the lower atmosphere. This may show that sources in the low-latitude tro-
posphere generate mainly harmonics with small horizontal phase velocities, which are subsequently filtered
out upon vertical propagation by relatively weak background winds.

GW activity manifests differently in different field components. Thus, the timing and locations of max-
ima of GW-induced fluctuations of temperature, wind, and momentum fluxes do not necessarily coincide.
The most illustrative are the momentum fluxes. Thus, maxima of the vertical flux of the zonal momen-
tum u′w′ in the lower atmosphere are displaced away from the equator during solstices, while the kinetic
energy (another quadratic quantity of wave variables) concentrates mainly over the equator at these sea-
sons (Figure 4). This is important to keep in mind when interpreting observations in a search for regions of
enhanced wave activity. Kinetic and potential energies (or the magnitude of temperature disturbances |T′ |)
characterize the strength of the GW field, while momentum fluxes provide information about propagation
of the waves. Directions of fluxes and phase velocities of individual GW harmonics coincide. On average, the
fluxes are directed against the mean wind, as discussed in section 4. This means that harmonics traveling
with the wind have been preferentially filtered out at lower atmospheric layers. In regions where fluxes and
the background wind have the same signs, strong absorption of the corresponding harmonics takes place.

The anticorrelation of GW fluxes and the background wind clearly dominates in midlatitudes, as can be
seen in Figures 7 and 8. This is because the winds vary monotonically with height, especially the zonal
component, and harmonics propagating with the wind are systematically filtered out. In the equatorial area
during equinoxes, the background winds are weak and alternate with height. This enables some GWs to
penetrate higher and enter the regions where they find themselves traveling with the background wind
(e.g., see Figure 6). These harmonics strongly attenuate and transfer their momentum to the mean flow
thus accelerating it. This mechanism has been described in detail in the context of interaction of GWs with
thermal tides in Earth's atmosphere (Yiğit & Medvedev, 2017, Section 7).

7. Summary and Conclusions
We have performed simulations with a high-resolution MGCM from the surface up to the mesosphere
(∼80 km) for a full Martian year. The adopted ∼ 1.1◦ × 1.1◦ horizontal resolution allowed us to capture
the life cycle of GWs with horizontal wavelengths up to ∼200 km (in a 3Δx sense, where Δx is the size
of the horizontal grid). The main objective of this study was obtaining a global climatology of GWs that
are not resolved by conventional GCMs and usually have to be parameterized. The key findings of our
high-resolution simulations concerning the climatology of GWs are as follows:

1. There is a significant degree of variations in GW activity as a function of geographical location, season,
and height.

2. GW activity in the lower atmosphere (below ∼40 km) is generally greater in low latitudes, and the maxi-
mum wave activity shifts poleward with height in both hemispheres, peaking at middle to high latitudes
in the upper mesosphere.

3. The largest GW activity in the mesosphere is found in the northern high latitudes during aphelion (i.e.,
during the northern hemisphere winter) with peak potential energy per unit mass of more than 1,000 J/kg
and temperature fluctuations of greater than 10 K.

4. In the lower atmosphere, GW activities (and sources) are much larger during southern spring and sum-
mer. GW activity in the winter hemisphere significantly exceeds that in the summer at both solstices. This
hemispheric asymmetry is greater during the perihelion season (Ls = 255◦−285◦) than at the counterpart
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aphelion season (Ls = 75◦ − 105◦). Weak GW activity persists at high latitudes throughout the year in the
lower atmosphere.

5. In the mesosphere, hemispheric asymmetry of GW activity and differences between the perihelion and
aphelion seasons are similar to those in the lower atmosphere but much larger in magnitude.

6. The complex geographical, seasonal, and height variations of GW activity in the mesosphere are largely
shaped by the underlying background atmospheric winds.

Given the lack of global observations of small-scale GWs in the Martian atmosphere, our results provide fur-
ther constraints for subgrid-scale GW parameterizations that are employed in conventional MGCMs. These
results can be used for specifying GW sources in the troposphere as well as for validating the parameteriza-
tions themselves by comparing predicted distributions of GW activity in the middle atmosphere. To date, the
majority of GW parameterizations employed by terrestrial GCMs and all the Martian GCMs have assumed
spatially and temporally constant wave sources. A note of caution must be added here. First, the derived
climatology may be quite realistic but still represent only a surrogate for improved observations. Second,
since GW propagation is very sensitive to the background (large-scale) fields, the simulated GW activity and
parameterized effects (“GW drag”) depend not only on the parameterization but also on (the dynamical core
of) the GCM itself. In any case, the robust findings concerning the GW activity presented in this paper can
provide further insight into the role of GWs in the dynamics of the Martian atmosphere.
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