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Abstract

Gravity wave activity in the lower and middle atmosphere of Mars during the global dust storm of 2018 has been studied for
the first time using a high-resolution (gravity wave resolving) general circulation model. Dust storm simulations were compared
with those utilizing the climatological distribution of dust in the absence of storms. Both scenarios are based on observations
of the dust optical depth by the Mars Climate Sounder instrument on board the Mars Reconnaissance Orbiter. The modeling
reveals a reduction of the wave activity by a factor of two or more in the lower atmosphere, which qualitatively agrees with recent
observations. It is associated with a decline of gravity wave generation due to baroclinic and convective stabilization of the
Martian troposphere induced by the increased amount of airborne aerosols during the storm. Contrary to the decrease of GW
activity in the lower atmosphere, wave energy and momentum fluxes in the middle atmosphere increase by approximately the
same factor. This enhancement of gravity wave activity is caused by the changes in the large-scale circulation, most importantly
in the mean zonal wind, which facilitate vertical wave propagation by allowing for a greater portion of gravity wave harmonics
originated in the lower atmosphere to avoid filtering on their way to upper layers.
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Key Points:8

• Gravity wave activity during the dust storm reduces by a factor of two or more9

in the troposphere10

• The reduction is caused by convective and baroclinic stabilization of the atmo-11

sphere12

• Wave energy and fluxes increase in the middle atmosphere due to favorable prop-13

agation conditions14
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Abstract15

Gravity wave activity in the lower and middle atmosphere of Mars during the global dust16

storm of 2018 has been studied for the first time using a high-resolution (gravity wave-17

resolving) general circulation model. Dust storm simulations were compared with those18

utilizing the climatological distribution of dust in the absence of storms. Both scenar-19

ios are based on observations of the dust optical depth by the Mars Climate Sounder in-20

strument on board the Mars Reconnaissance Orbiter. The modeling reveals a reduction21

of the wave activity by a factor of two or more in the lower atmosphere, which qualita-22

tively agrees with recent observations. It is associated with a decline of gravity wave gen-23

eration due to baroclinic and convective stabilization of the Martian troposphere induced24

by the increased amount of airborne aerosols during the storm. Contrary to the decrease25

of GW activity in the lower atmosphere, wave energy and momentum fluxes in the mid-26

dle atmosphere increase by approximately the same factor. This enhancement of grav-27

ity wave activity is caused by the changes in the large-scale circulation, most importantly28

in the mean zonal wind, which facilitate vertical wave propagation by allowing for a greater29

portion of gravity wave harmonics originated in the lower atmosphere to avoid filtering30

on their way to upper layers.31

Plain Language Summary32

Gravity waves (GWs) are oscillations of wind, temperature, pressure and density33

that originate in the dense lower atmosphere. They grow in amplitude upon propaga-34

tion upward, and represent a major driving force in the thinner middle and upper at-35

mosphere. GWs are difficult to account for in general circulation models (GCMs), be-36

cause their scales are smaller than the resolution of the majority of such models. To cir-37

cumvent this, we employ a high-resolution model that can explicitly resolve a significant38

portion of the GW spectrum. We showed that global planet-encircling dust storms as39

observeed in 2018 significantly alter the circulation of the Martian atmosphere and re-40

duce GW generations in the lower atmosphere, due to the increased stability of the tro-41

pospheric flow with respect to disturbances of small and large scales. The surprising ef-42

fect transpired in the simulations is the enhancement of GW activity in the middle at-43

mosphere, which happens despite the weaker sources in the lower atmosphere. We ex-44

plain it by changes in the large-scale circulation that facilitate upward propagation of45

waves originated below. Our simulations predict even greater dust storm-induced jump46
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in gravity wave activity in the thermosphere, which could be of great importance for the47

safety of Mars orbiters.48

1 Introduction49

Gravity waves (GWs) exist in atmospheres of all planets with convectively stable50

stratification. They transport energy and momentum from denser tropospheres to thin-51

ner upper levels (Yiğit & Medvedev, 2019). Effects produced by GWs are particularly52

strong in the middle and upper atmospheres of Earth and Mars (see recent reviews of53

Yiğit & Medvedev, 2015; Medvedev & Yiğit, 2019, correspondingly), thus making them54

a major dynamical mechanism that couples the lower and upper atmospheres on both55

planets. Being relatively small in size (from tens to hundreds of kilometers horizontal56

wavelength) and short-lived (periods from a few minutes to several hours), GWs are thought57

to strongly affect the Martian global circulation. They close and even reverse zonal jets58

in the middle atmosphere (Barnes, 1990; Medvedev et al., 2011a; Gilli et al., 2020), en-59

hance the meridional circulation, the upwelling part of which amplifies the transport of60

water into the thermosphere (Shaposhnikov et al., 2019) and the descending branch leads61

to the thermospheric polar warmings (Bougher et al., 2006; Medvedev et al., 2011b). GW-62

induced downward transport of heat is the second-largest cooling mechanism in the ther-63

mosphere (after molecular heat conduction) that explains the observed meridional tem-64

perature structure on Mars (Medvedev & Yiğit, 2012) and Earth (Yiğit & Medvedev,65

2009). Local fluctuations of temperature associated with GWs facilitate formation of meso-66

spheric CO2 clouds (Spiga et al., 2012; Yiğit et al., 2015, 2018), while GW-induced den-67

sity disturbances significantly impact spacecraft performing aerobraking operations in68

the lower thermosphere (Jesch et al., 2019; Vals et al., 2019).69

A detailed knowledge of GW activity is required for quantifying the wave influence70

on the dynamics and energetics of planetary atmospheres. Most of information on spec-71

tral and spatio-temporal characteristics of GWs in the lower atmosphere of Mars has been72

collected using remote sensing from orbiters. These techniques include radio occultations73

and infrared sounding (e.g., Creasey et al., 2006; Altieri et al., 2012; Ando et al., 2012;74

Wright, 2012). Recently, Heavens et al. (2020) provided a multi-annual climatology of75

global GW activity based on retrievals from the Mars Climate Sounder (MCS) instru-76

ment on board Mars Reconnaissance Orbiter (MRO). In particular, it covered the pe-77

riod of the global dust storm (GDS) that occurred in 2018 during the Martian year 3478
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(MY34). Such planet encircling storms do occasionally happen in the second half of the79

year, either at equinoxes, or around northern winter solstices as observed in 2007 dur-80

ing MY28 (e.g., Montabone et al., 2015). They dramatically impact the state and global81

circulation of the atmosphere (see, e.g., the review of Medvedev et al., 2011c). To date,82

little is known about the influence of dust storms on GW generation, propagation and83

associated effects in the middle and upper atmosphere. On one hand, the only (to the84

best of our knowledge) dedicated modeling study indicated an increased level of GW ac-85

tivity in the middle atmosphere of the northern winter hemisphere during the solstitial86

GDS (Kuroda et al., 2009). On the other hand, Heavens et al. (2020) recently reported87

on a significant reduction of wave activity in the lower atmosphere during the MY34 GDS.88

In this paper, we address this gap in knowledge of GW processes by performing for the89

first time simulations for the MY34 dust conditions using a high-resolution Martian gen-90

eral circulation model (MGCM).91

Atmospheric models with conventional resolution do not capture GWs and have92

to parameterize the effects of subgrid-scale GWs instead (Yiğit & Medvedev, 2017; Medvedev93

& Yiğit, 2019). These parameterizations require constraints from observations that are94

not readily available and, most importantly, a specification of wave sources in the lower95

atmosphere. High-resolution models are computationally expensive, however they do self-96

consistently simulate, at least, a part of GW spectrum and processes of wave generation,97

propagation and obliteration. Thus, they may provide a realistic proxy for not yet avail-98

able observations. The GW-resolving model used in this study is the high-resolution ver-99

sion of the extensively tested and validated MGCM (Kuroda et al., 2005). It provided100

a first global view of the GW field in the Martian lower and middle atmosphere (Kuroda101

et al., 2015), detailed spectral characteristics and field parameters during equinoxes and102

solstices (Kuroda et al., 2016), and the annual climatology of GW activity for a typical103

Martian year without dust storms (Kuroda et al., 2019). In this paper, we apply the ob-104

served distributions of dust during MY34 to infer the GDS-induced changes in GW ac-105

tivity and analyze their physical causation.106

In the text to follow, the model and simulation setup are described in section 2.107

The obtained background circulation, GW activity in the lower and middle atmosphere108

are discussed in section 3. Conclusions are given in section 4.109
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2 Model Description and Experiment setup110

The simulations presented in this study have been performed with a high-resolution111

version of the MGCM based on the hydrostatic dynamical spectral core of the terres-112

trial Model for Interdisciplinary Research On Climate (MIROC) developed in collabo-113

ration by the Atmosphere and Ocean Research Institute (AORI), the University of Tokyo,114

the National Institute of Environmental Studies (NIES), and the Japan Agency for Marine-115

Earth Science and Technology (JAMSTEC) (Hasumi & Emori, 2004; Sakamoto et al.,116

2012). The Martian GCM called DRAMATIC (Dynamics, RAdiation, MAterial Trans-117

port and their mutual InteraCtions) includes the package of physical parameterizations118

described in full detail in the papers of Kuroda et al. (2005, 2013). This model with con-119

ventional resolution has been applied to studying various atmospheric and paleoclimate120

phenomena on Mars (e.g., Kuroda et al., 2007, 2009; Kamada et al., 2020). For current121

simulations, the model was run at the T106 spectral truncation. This corresponds to ∼122

1.1◦ × 1.1◦, or ∼ 67× 67 km horizontal resolution. GCMs with compatible resolution123

(∼T213) have been applied for studying GWs in the atmosphere of Earth (e.g., Sato et124

al., 2012). This setup does not capture smaller horizontal-scale convectively generated125

harmonics, however it resolves waves excited by flow over topography and unstable weather126

phenomena. The vertical domain extends from the surface to the middle atmosphere (∼80-127

100 km) and is represented by 49 sigma-levels, as described in Kuroda et al. (2016, Ta-128

ble 1).129

Heating and cooling due to radiative transfer in airborne aerosols is the major forc-130

ing mechanism that drives the circulation in the lower and middle atmosphere of Mars.131

At present, no MGCM can self-consistently reproduce the dust storms observed on Mars:132

their spontaneous onset, growth and decay. Therefore, in order to achieve most realis-133

tic simulations, we imposed dust distributions based on observations. For that, we used134

the total dust opacity derived by Montabone et al. (2020) over MY34 from the MCS mea-135

surements and assumed the vertical distribution of dust mixing ratio after (Conrath, 1975).136

Then, heating and cooling rates due to absorption and emission by atmospheric dust in137

solar and IR wavelengths (between 0.2 and 200 µm) were interactively computed and138

used for driving the circulation. The employed radiation scheme considers 24 represen-139

tative wavelength bands: 12 in the visible and 12 in IR. The simulation with the “MY34140

dust scenario” is compared with that using the “low-dust” scenario, which is based on141

multi-annual observations with dust storms removed (Kuroda et al., 2019).142
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3 Results143

3.1 Background Circulation144

The GDS of MY34 rapidly developed from a regional dust storm in the early north-145

ern fall around Ls = 185◦ and 190◦, i.e., in the late May - early June of 2018. In a few146

sols, the lifted dust rapidly encircled the planet, thus giving rise to the equinoctial GDS.147

The peak of the dust load lasted until approximately Ls = 220◦, followed by the grad-148

ual decrease until Ls ≈ 290◦. Figure 1 shows the simulated background atmospheric149

characteristics at the midst of the storm: the zonal mean temperature and zonal wind150

averaged between Ls = 195◦ and 220◦ (17 June and 29 July, 2018, correspondingly).151

Contour lines denote the values from the MY34 simulation, whereas the shades present152

the differences with the “low-dust” run. The temperature structure clearly demonstrates153

a typical response to the increased amount of airborne aerosol: cooling near the surface154

by 20-25 K due to the limited penetration of solar radiation and heating above by more155

than 30 K due to the intensified absorption by lifted aerosols. Such changes enhance both156

convective and baroclinic stability of the atmosphere. It is seen that the vertical tem-157

perature gradients decrease in the lower atmosphere, thus suppressing the development158

of convection and the associated GW sources. On the other hand, the enhanced convec-159

tive stability (larger Brunt-Väisälä frequencies) facilitates vertical propagation of GW160

harmonics that were excited by other mechanisms. Figure 1a also demonstrates the de-161

crease of the near-surface meridional temperature gradient in the middle and high lat-162

itudes of both hemispheres. This leads to stabilization of the mean zonal flow, which in-163

hibits the development of baroclinic planetary waves (Kuroda et al., 2007), and poten-164

tially limits generation of large-scale inertia-gravity waves (Plougonven & Snyder, 2007).165

Figure 1b illustrates the changes in the mean zonal wind produced by the GDS.166

Under the “low-dust” conditions, the equinoctial circulation consists of two westerly jets167

in both hemispheres and a weak (∼ 10 m s−1) equatorial easterly jet. The former two168

are maintained by the zonally directed Coriolis force associated with the two hemispheric169

meridional cells, while the latter is caused by excitation of thermal tides (Lewis & Read,170

2003). During the dust storm, both westerly jets accelerated to more than 60 m s−1 in171

the southern hemisphere and ∼120 m s−1 in the northern one. The equatorial easterly172

jet moved higher following the elevation of the layer of most intense absorption of so-173

lar radiation and, consequently, of tide generation. Another remarkable feature is the174
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poleward shift of the westerly jets in the middle atmosphere of both hemispheres, which175

is evident from the differences plotted by shades. This is the result of the intensification176

of the meridional circulation, another manifestation of which is the warming in polar re-177

gions due to the diabatic heating by the downward parts of the hemispheric transport178

cells (Wilson, 1997; Hartogh et al., 2007; Medvedev & Hartogh, 2007). In the northern179

hemisphere during the dust storm, the westerly jet noticeably tilts with height from the180

equator to pole. This is accompanied by the decrease of the wind speed below and in-181

crease above, which substantially alters vertical propagation of GWs, as will be discussed182

in section 3.5. Overall, our simulations confirm the notion made in the paper of Medvedev183

et al. (2013) that dust storms modify the circulation pattern to what it is expected to184

be later in the season. Thus, the westerly jet in the northern fall hemisphere becomes185

as strong as it normally is during winters.186

The timing of the MY34 GDS is very close to that of the event occurred in MY25.187

The latter was modeled with the different MAOAM (MPI) MGCM having a conventional188

(spectral truncation T21, or ≈ 5.6◦) resolution, whose domain extended well into the189

thermosphere (Medvedev et al., 2013). Therefore, it is instructive to compare the two190

simulations. They are markedly similar in terms of the latitude-altitude structure and191

magnitudes. This includes the strength of the westerlies (also 60 and 120 m s−1 in the192

southern and northern hemispheres, respectively), the poleward tilt with height of the193

northern hemisphere jet and the deepened equatorial easterlies (Medvedev et al., 2013,194

Fig. 5d). The temperature distribution and its latitudinal structure along with magni-195

tudes of the temperature changes are also very close (Medvedev et al., 2013, Fig. 4d).196

This indicates that the atmospheric response to major dust storms is likely robust and197

repeatable.198

3.2 Spatial Distribution of Gravity Wave Activity in the Lower Atmo-199

sphere200

Wave activity can be characterized by various quantities. Due to the fluctuating201

nature of the wave field, quadratic quantities are particularly useful, since they do not202

depend on phases. One of them is the potential energy (per unit mass) Ep203

Ep =
1

2

(

g

N

)2(

T ′

T̄

)2

, (1)
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where g denotes the acceleration of gravity, N is the Brunt-Väisälä frequency, T̄ and T ′
204

are the mean and disturbed (wave) components of temperature T , respectively. The for-205

mer is defined in the model as the sum of only larger-scale spherical harmonics with to-206

tal spectral wavenumbers s ≤ 60, as described in detail in our previous papers (e.g.,207

Kuroda et al., 2015, Sect. 3). Since T is normally measurable, Ep can be used for com-208

parison with observations. Figure 2a presents the latitude-longitude cross-section of the209

simulated Ep for the same as in Figure 1 period (Ls = 195◦ – 220◦) averaged between210

pressure levels p=100 and 10 Pa. The shading shows the difference in the Ep with re-211

spect to the low-dust case. The first thing immediately seen is the overall reduction of212

the GW activity in low- to middle latitudes of both hemispheres during the storm, with213

a maximum decrease of up to –9 J kg−1 around 120◦W. A closer inspection of the changes214

plotted with shades and the values themselves (given by contours) reveals that Ep in these215

areas is approximately a half of that in the “low-dust” simulation. The spatial pattern216

of wave activity did not alter substantially. The maxima of Ep continue to be located217

in mountainous regions of Tharsis Montes, Alba Patera, Elysium and the northern part218

of Arabia Terra. The largest reduction of wave activity caused by the GDS takes place219

mainly in these areas as well. Globally, Ep is larger in mid- to high latitudes of the north-220

ern hemisphere. These regions coincide with the edges of the westerly jet, which are prone221

to baroclinic instability (Kuroda et al., 2007) and to generation of inertia-gravity waves222

by Kelvin and other planetary waves constituting the weather variability (Kuroda et al.,223

2016). The persistent enhancement of GW activity across all longitudes at these lati-224

tudes during the northern fall and winter was recently supported by observations using225

MCS–MRO data (Heavens et al., 2020).226

For more direct comparison with the latter work, namely with the lower two rows227

of its Figures 27 and 28, we also plotted the quantity log
10

ΩGW = (T ′/T̄ )2 in Figure 2b.228

Note that the averaging was performed over approximately the same as in the observa-229

tions vertical interval. Qualitatively, the observations and simulations are strikingly sim-230

ilar. Both show the increased wave activity in the northern hemisphere with the max-231

ima in the middle- to high latitudes. Both demonstrate a significant reduction of ΩGW232

during the GDS of MY34, which is particularly strong in low latitudes of both hemispheres.233

Quantitatively, simulations produce larger values of ΩGW and lesser reduction than those234

found by Heavens et al. (2020) in observations. Thus, the activity in terms of log
10

ΩGW235

decreases over the equator to less than -6.5 (T ′/T̄ < 0.05%) in observations, whereas236
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in simulations these values drop to only ≈ −4.8 (T ′/T̄ ≈ 0.4%). For the low dust con-237

ditions, these values are around -6 (0.1%) in observations and -4 (1%) in the simulation.238

In areas of large wave activity, the agreement is better: ΩGW is between -4.5 and -5 (T ′/T̄239

between 0.5% and 0.3%) in observations during the storm vs around -4 (1%) in the sim-240

ulation. This points out to a possible reason for the quantitative disagreement: small241

temperature fluctuations are difficult to detect with the MCS instrument, and the anal-242

ysis produced values close to zero, whereas such problem does not exist in simulations.243

Another possible reason is that MCS observes a somewhat different part of the GW spec-244

trum than that simulated by the MGCM. Heavens et al. (2020) state that MCS senses245

predominantly harmonics with shorter horizontal (10-30 km) and longer vertical (10 to246

50 km) wavelengths, while our model well resolves shorter vertical wavelengths and does247

not resolve horizontal ones smaller than ∼ 2×67 km. Despite these differences, the agree-248

ment in terms of reduction of the GW activity during the storm as well as its spatial dis-249

tribution provides an optimism that both observations and modeling capture the GW250

physics well.251

Another quadratic (with respect to fluctuating variables) characteristic of wave ac-252

tivity is the vertical flux of horizontal wave momentum per unit mass, or, briefly, mo-253

mentum flux. Unlike the potential energy, it is a vector and non-positively defined quan-254

tity, which is expressed as F = (u′w′, v′w′), where u′, v′ and w′ are the disturbances255

with total spectral wavenumbers s ≥ 61 of the horizontal, meridional and vertical wind,256

correspondingly, and bars denote an appropriate averaging. The momentum carried by257

a GW harmonic is directed along its horizontal phase velocity. Since a wave spectrum258

is composed of multiple harmonics traveling in different directions, the total momentum259

is the vector sum of all components. Thus, the momentum flux is not necessarily pro-260

portional to wave energy, because contributions of harmonics propagating in opposite261

direction cancel each other. The flux may change signs with height not due to addition262

(generation) of new harmonics, but because of selective filtering of waves, whose phase263

speed c approaches ū.264

Momentum flux is a very important characteristic of wave activity, since it is di-265

rectly used in GW parameterizations employed by global circulation models. In partic-266

ular, GW fluxes have to be explicitly specified at a certain height in the lower atmosphere267

considered to be a source level. Therefore, we plotted the simulated zonal and merid-268

ional components of F at 260 Pa pressure level in Figure 2 (panels c to f, color shades).269
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A significant reduction of the zonal momentum flux, both positive and negative, during270

the dust storm is clearly seen in Figures 2c and e. The decrease of the flux magnitude271

by a factor of 2 to 6 takes place almost throughout the planet. The remaining “hot spots”272

of GW activity are tied up to topographical features like the mountainous regions of Thar-273

sis, Alba Patera, Elysium Mons and Arabia in the northern hemisphere, and Solis and274

the north-western slope of Hellas. A spotty low-latitude band of positive fluxes not ap-275

parently connected to the surface irregularities also weakened during the storm and moved276

southward, following the shift of the mean easterly winds. It is seen that fluxes have, gen-277

erally, signs opposite to the zonal wind plotted with contours, except over mountains.278

This is the result of preferential filtering of GW harmonics traveling in the same as wind279

directions. Figures 2d and f demonstrate that the meridional fluxes also weakened dur-280

ing the storm. The meridional winds (shown with contours) are the indicators of non-281

zonal disturbances associated with planetary wave activity and other instabilities of the282

mean zonal flow. As seen in the figure, they are significantly reduced during the GDS.283

This leads to the conclusion that the decrease of GW fluxes is linked to weakening of wave284

generation by weather phenomena. Only orographycally-generated GWs persist during285

the dust storm. Recently it has been shown that the high-altitude winds can correlate286

with the underlying winds due to the influence of orographic GWs (Benna et al., 2019).287

3.3 Temporal Evolution of Wave Activity in the Lower Atmosphere288

We next consider time evolution of zonally averaged simulated quantities that char-289

acterize the GW field. To provide more insight, we plotted in contours the amplitudes290

of small-scale (with total spectral wavenumbers s ≥ 61) temperature fluctuations |T ′|291

and wave kinetic energy per unit mass Ek = (u′2 + v′2)/2 along with their deviations292

from the “low-dust” run (color shades) as functions of the solar longitude Ls in Figures 3a293

and b, respectively. Both variables show an immediate drop after the onset of the MY34294

GDS followed by gradual restoration to their previous values, as the amount of the lifted295

dust declined. A similar decrease has been reported in the work by Heavens et al. (2020,296

Figs. 22 and 23) based on the MCS data. The second drop at the end of the year co-297

incides with the minor storm that started around Ls = 320◦. The values again return298

back after the end of the event. The simulated amplitudes |T ′| are small, not to men-299

tion the changes, and are difficult to detect by remote sensing from the orbit. However,300

these are typical magnitudes of GWs in the troposphere, which then exponentially grow301
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upon their upward propagation. Kinetic energy is a quadratic quantity and, therefore,302

presents the change more clearly. Figure 3b shows that Ek is reduced approximately by303

a factor of two in the midst of the storm. Note also that the positions of maxima of tem-304

perature and wind fluctuations do not necessarily coincide. For example, GW-induced305

temperature fluctuations after the GDS (Ls > 270◦) maximize in the midlatitudes of306

the northern hemisphere, whereas wind variations peak in low latitudes.307

The evolution of the zonal component of the flux F and of the corresponding change308

with respect to the “low-dust” scenario are shown in Figures 3c and e with color shades,309

while the mean zonal wind ū and the difference are superimposed with contours. The310

momentum fluxes are, generally, aligned with the wind. At the onset of the GDS, the311

weakening of the zonal jet in both hemispheres by ∼10 m s−1 is accompanied by the drop312

of u′w′ by a factor of ewo and more. The equatorial easterlies also slowed down by ∼15313

m s−1 (see contour lines in Figure 3e) and reversed at some places. The momentum flux314

followed on and dropped by up to 0.04 J kg−1. The net result is the global reduction of315

GW momentum fluxes. Similar causality occurs for the meridional fluxes presented in316

Figures 3d and f. After the storm declines, the solstitial type of circulation establishes.317

The secondary dust storm that happened at the end of the northern winter also disrupted318

the cross-equatorial circulation, leading to to the decrease of GW momentum fluxes. Thus,319

both the major equinoctial and minor solstitial dust storms produced the same effect:320

they reduce GW activity in the troposphere. Remarkably, the circulation itself is again321

pushed by the minor storm toward the kind it is supposed to be later in the season, i.e.,322

toward the equinoctial-type.323

3.4 Gravity Wave Activity in the Middle Atmosphere324

The behavior of the simulated GW activity in the middle atmosphere during the325

MY34 GDS differs from that in the lower atmosphere. Figures 4a and b show an increase326

of the amplitude of temperature fluctuations |T ′| by up to 2.5 K (∼10%) and kinetic en-327

ergy Ek by a factor of ∼2 (more than 600 J kg−1) at the 0.1 Pa pressure level. The in-328

crease takes place throughout the globe and maximizes in middle and high latitudes. The329

secondary dust storm at the end of the year is also accompanied by a similar increase,330

but of lesser magnitude. The westward GW momentum fluxes in the middle atmosphere331

are enhanced, in average also by about a factor of two following the weakening (and, in332

some places, reversal) of the westerly jets. At first sight, this contravenes the reduction333
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of fluxes in the lower atmosphere. Moreover, tropospheric u′w′ are negative in the north-334

ern hemisphere and low latitudes of the southern one, while they are positive in the mid-335

dle atmosphere, except in the northern high latitudes. This example indicates that the336

spectrum of GWs is broad and composed of harmonics traveling in opposite directions,337

thus carrying positive and negative momentum. The apparent contradiction resolves, if338

selective filtering by the mean wind in the course of vertical wave propagation is taken339

into account. A similar behavior of GWs occurs in Earth’s atmosphere during sudden340

stratospheric warmings, when the background wind abruptly changes (Yiğit & Medvedev,341

2012, 2016). Even more dramatic increase of magnitude in the middle atmosphere is seen342

for meridional momentum fluxes (Figures 4d and f). They are positive in the southern343

hemisphere, negative in the northern one, and are directed against the mean meridional344

wind as well. The final stage of the GDS coincides with a rapid transition from the equinoc-345

tial two- to one-cell solstitial global circulation, and the meridional GW fluxes adjust ac-346

cordingly. Note also a similar response during the main and secondary dust storms at347

the end of the MY34.348

3.5 Vertical Propagation of Gravity Waves349

The increase of GW activity in the middle atmosphere during the GDS despite the350

reduction in the lower atmosphere requires further discussion. For that, we consider ver-351

tical propagation of waves at two characteristic latitudes. One is at 60◦N, where the storm-352

induced reduction of GW kinetic energy Ek in the lower atmosphere was relatively weak353

(Figure 3b, but increase in the middle atmosphere was largest (Figure 4b. According to354

the conventional picture of wave propagation through a background flow, which was orig-355

inally introduced by Holton (1983) and subsequently explored with a variety of GCMs,356

a broad incident spectrum of GWs composed of harmonics moving in opposite directions357

experiences selective filtering. Harmonics, whose horizontal phase speeds c coincide with358

the mean wind ū, are absorbed by the flow in the vicinity of their respective critical lev-359

els |c−ū| = 0. In fact, as the phase speed approaches the background mean wind, GW360

dissipation rapidly increases as well. Those harmonics that avoid the filtering contribute361

to the wave activity in the middle and upper atmosphere. The surviving spectrum of waves362

typically includes harmonics traveling against the mean wind (c < 0) as well as those363

propagating eastward, but moving slower than the mean wind at the source level. Within364
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a strong westerly jet, ū > 0 varies a lot with height, which leads to obliteration of har-365

monics with a broad range of eastward phase speeds, i.e., c > 0.366

Figure 5a shows the mean zonal wind ū (contours) at 60◦N for the MY34 simula-367

tion along with the difference with the “low-dust” run (color shades). It is seen that the368

wind gradually decreased by up to 25 m s−1 below ∼0.1 Pa and increased by up to 10369

m s−1 above. This has enabled for more eastward harmonics moving faster than the lo-370

cal wind to penetrate above the 0.1 Pa pressure level. They delivered an additional Ek371

above this height, as is seen in Figure 5b (color shades). Note that this enhancement is372

even more significant near the top of the model due to the exponential vertical growths373

of kinetic wave energy per unit mass. Towards the end of the GDS (around Ls = 240◦),374

the core of the jet moved lower (below the pressure level 0.5 Pa) and amplified. It halted375

vertical propagation of fast GW harmonics, and Ek above declined.376

Another representative latitude to be considered is 15◦N. It is where the drop of377

wave activity in the lower atmosphere was largest (Figure 3b), while the increase in the378

middle atmosphere was moderate (Figure 4b). Interactions of GW spectra with the mean379

flow in low latitudes differ from those in middle and high latitudes, because zonal winds380

are much weaker there compared to the core of the jet at middle latitudes. These winds,381

therefore, are able to absorb only wave harmonics with relatively slow horizontal phase382

speeds, while affecting the faster waves only to a minor degree. They, nevertheless, con-383

tain a great portion of the total wave energy of the GW spectrum, because the power384

density of the latter, generally, decreases with c in the lower atmosphere.385

Figure 6 shows the evolution of the mean zonal wind and GW kinetic energy Ek386

at 15◦N from the “low-dust” and MY34 simulations. It is seen that a sudden and strongest387

reduction of Ek in the lower atmosphere occurred at the onset of the GDS, lasted up to388

Ls ∼ 210◦, and then gradually declined (Figure 6b, color shades). The increase of ac-389

tivity in the middle atmosphere closely followed this pattern, with a small delay asso-390

ciated with the time required for GWs to reach upper levels. This process coincides with391

a rapid transformation of the mean circulation (contour lines). Without the dust storm392

(Figure 6), directions of the zonal wind alternate with height reflecting the semiannual393

oscillation in low latitudes (Kuroda et al., 2008; Ruan et al., 2019). They prevent (fil-394

ter out) GW harmonics with phase velocities of up to ∼ ±20 m s−1 (at Ls ∼ 210◦)395

from reaching the top. During the dust storm, the mean wind pattern has dramatically396
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changed. At first (before Ls ∼ 200◦), the westward wind disappeared, thus letting har-397

monics with negative c to penetrate the upper levels. After that, the westerly jet (cen-398

tered around p ∼ 0.5 Pa declined and was replaced by easterlies reaching to the very399

top of the model domain. This gave way up to slow GW harmonics with positive phase400

velocities.401

The presented schematic consideration allows for interpreting the mechanism of GW402

activity increase in the upper Martian mesosphere during the MY34 GDS without in-403

voking additional sources. It is based on the only assumption of broad GW spectra and404

is consistent with the conventional mechanism of wave-mean flow interactions. One of405

the consequences of this mechanism, which is yet to be explored using observations, would406

be even stronger increase of GW activity in the thermosphere.407

4 Summary and Conclusions408

For the first time, we investigated the behavior of the gravity wave (GW) activ-409

ity in the Martian atmosphere during global dust storms (GDS) by performing high-resolution410

simulations with a GW-resolving Martian general circulation model (MGCM). For that,411

we imposed distributions of atmospheric aerosol based on observations from the Mars412

Climate Sounder instrument during Martian Year 34 (MY34), when a major GDS oc-413

curred in the early northern winter. The simulations have been compared with that for414

a dustless year based on multi-annual observations with periods of dust storms removed.415

The main inferences of this study can be summarized as follows.416

1. GW activity during the MY34 GDS drops in the lower atmosphere (up to ∼40 km):417

kinetic and potential energy, vertical fluxes of horizontal momentum decrease by418

a factor of approximately two in the zonally average sense. Locally, GW activity419

reduces by a factor of up to six. Qualitatively, these results concur with the re-420

cent observational findings of Heavens et al. (2020). Quantitatively, simulations421

show less reduction, which can be partially explained by the model resolving some-422

what different part of the GW spectrum: longer horizontal and shorter vertical423

scales.424

2. The reduction is clearly linked to the decreased planetary wave activity due to the425

baroclinic stabilization of the lower atmosphere caused by the changed pattern of426

solar radiation absorption by airborne dust. The planetary wave activity and as-427
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sociated instabilities of atmospheric flow are a major mechanism of GW gener-428

ation. The GDS produces also more stable lapse rates, which prevent the devel-429

opment of convective instability. The convectively generated GWs, whose hori-430

zontal scales are compatible with those of convective cells, are, however, not re-431

solved by the model. Orographically-generated GWs are, apparently, less affected432

by the dust storm.433

3. Despite the reduction of wave sources in the lower atmosphere, GW activity in434

the middle atmosphere approximately doubles. This increase is consistent with435

the conventional mechanism of wave-mean flow interactions: changes in the back-436

ground zonal winds facilitate vertical propagation of GW harmonics by allowing437

a greater part of the incident spectrum to penetrate upper levels.438

4. The response of the GW activity to the weaker regional dust storm, which occurred439

at the end of MY34, is similar to that during the GDS, although of smaller mag-440

nitude. Thus, the underlying mechanisms of inhibition of wave generation and of441

enhanced upward GW propagation during both storms are likely the same.442

The reduction of GW sources during dust storms has to be accounted for in MGCMs443

with conventional (low) resolution employing GW parameterizations, if we are to improve444

representation of the dynamics of the middle and upper Martian atmosphere.445
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Medvedev, A. S., & Yiğit, E. (2012). Thermal effects of internal gravity waves in the559

Martian upper atmosphere. Geophysical Research Letters , 39 . doi: 10.1029/560

2012GL050852561
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Figure 1. Latitude-altitude cross-sections of zonal-mean (a) temperature (K) and (b) zonal

wind (m s−1) averaged over Ls= 195◦-220◦. Contours denote the results for the MY34 dust

scenario, shades show the difference with the “low-dust” simulation.
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Figure 2. Longitude-latitude cross-sections of GW (a) potential energy per unit mass

(J kg−1) and (b) log
10

ΩGW (ΩGW =T ′2/T̄ 2) averaged between 10–100 Pa and Ls= 195◦-220◦.

In (a) and (b), the black contours present the results for the MY34 dust scenario, and shades

denote the difference with the low-dust scenario. (c) shows the vertical flux of GW zonal mo-

mentum (per unit mass) u′w′ (shades, in J kg−1) and mean zonal wind ū (black contours, in

m s−1) at the 260 Pa pressure level averaged between Ls= 195◦-220◦ for the MY34 dust scenario.

(d) is the same as (c) except for the vertical flux of meridional momentum (per unit mass) v′w′

(shades) and mean meridional wind v̄ (contours). (e) and (f) are the same as (c) and (d), respec-

tively, except for the “low-dust” scenario. Grey contours present the Martian topography for all

plots.
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Figure 3. Seasonal-latitude distributions of the zonally averaged GW quantities in the tro-

posphere (at the 260 Pa pressure level). (a) Amplitude of GW-induced temperature fluctuations

|T ′| (K) and (b) GW kinetic energy Ek (J kg−1). The black contours denote the results for the

MY34 dust scenario, shades present the difference with respect to the “low-dust” simulation.

(c) The vertical flux of GW zonal momentum (per unit mass) u′w′ (shades, in J kg−1) and the

mean zonal wind ū (black contours, in m s−1) for the MY34 dust scenario. (d) is the same as (c)

except for the vertical flux of meridional momentum (per unit mass) v′w′ (shades) and the mean

meridional wind v̄ (black contours). (e) and (f) are the same as (c) and (d), respectively, except

for the difference with the “low-dust” simulation.–24–



manuscript submitted to Journal of Geophysical Research: Planets

Figure 4. Same as in Figure 3, except in the mesosphere at the 0.1 Pa pressure level.
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Figure 5. Seasonal-vertical distributions (contours) of a) the zonal mean wind ū (m s−1)

and b) wave kinetic energy per unit mass Ek (J kg−1). Color shades denote the difference of the

corresponding quantities with the “low-dust” run.
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Figure 6. Seasonal-vertical distributions of the mean zonal wind (contours, in m s−1) and

wave kinetic energy Ek (color shades, in J kg−1) at 15◦N from the (a) “low-dust” and (b) MY34

runs.
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