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[1] Simulations with a general circulation model (GCM) have been performed to study
the Martian upper atmosphere during two major dust storms. The GCM extending from
the surface to about 160 km included a spectral parameterization of subgrid-scale gravity
waves suitable for planetary thermospheres, and prescribed four-dimensional dust
distributions corresponding to storm events near the equinox and solstice (Martian years
25 and 28, respectively). The results show that the wind and temperature fields in the
upper atmosphere above �100 km respond to such storms as intensively as in the lower
atmosphere. During the equinoctial storm, the temperature above the mesopause dropped
by up to 30 K everywhere except in the Northern Hemisphere high latitudes, where it rose
by up to 15 K. At the solstitial storm, the temperature above the mesopause decreased by
up to 40 K in the winter hemisphere, by 15 K in the summer hemisphere, and increased
by 30–40 K in tropics and in the summer hemisphere above 130 km. Prograde and
retrograde zonal wind jets intensified throughout the atmosphere at all heights and during
both dust scenarios. These changes are the result of the altered meridional overturning
circulation induced by resolved and unresolved waves. Atmospheric density during dust
storms enhanced in average by a factor of 2 to 3 in the mesosphere and lower
thermosphere, which agrees well with observations.
Citation: Medvedev, A. S., E. Yiğit, T. Kuroda, and P. Hartogh (2013), General circulation modeling of the Martian upper
atmosphere during global dust storms, J. Geophys. Res. Planets, 118, 2234–2246, doi:10.1002/2013JE004429.

1. Introduction
[2] Dust storms are spectacular and dynamic phenom-

ena that almost regularly occur in the atmosphere of Mars,
and often reach planetary scales. Airborne aerosol particles
lifted from the surface during these events strongly alter
diabatic heating and cooling rates, and thus affect atmo-
spheric dynamics. Global-scale effects of dust on Mars are
numerous. Medvedev et al. [2011a] have recently presented a
current review of dust storm effects in the lower and middle
atmosphere. This paper addresses the less studied aspect of
dust storms—their manifestation and consequences for the
upper atmosphere.

[3] That storms in the lower atmosphere cause changes at
ionospheric heights was first inferred from Mariner 9 radio
occultation data [e.g., Stewart and Hanson, 1982]. Using
Mars Global Surveyor (MGS) aerobraking data, Keating
et al. [1998] found a sudden increase of thermospheric den-
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sity coincident with a dust storm in the lower atmosphere.
Similar density increase was detected during a storm event
in the stellar occultation data obtained with the SPICAM
(Spectroscopy for Investigation of Characteristics of the
Atmosphere of Mars) instrument onboard the Mars Express
(MEX) [Forget et al., 2009]. Recently, Withers and Pratt
[2013] presented the most comprehensive data set to date
of upper atmospheric densities during dust storms based
on aerobraking accelerometer, UV stellar occultation, and
radio occultation measurements. These data show that den-
sities between 70 and 160 km usually increase during such
events, and temperature drops. On the other hand, based on
the precise orbit determination of the MGS near the exobase
(�390 km) during the 2001 dust storm, Forbes et al. [2008]
concluded that “it did not perceptibly influence exosphere
temperature or density.”

[4] First theoretical interpretation of these measure-
ments was performed by Bougher et al. [1997, 1999].
They used the Mars Thermosphere General Circulation
Model (MTGCM) coupled to the Mars General Circulation
Model (MGCM) to demonstrate that aerosol heating at low
levels produces an inflation of the atmosphere as a whole,
which results in the upper atmospheric density increase.
Further experiments with the MGCM-MTGCM model
with improved coupling addressed temperature and den-
sity responses to the amount and vertical extent of the
airborne aerosol [Bell et al., 2007] and to seasonally vary-
ing dust opacities [McDunn et al., 2010]. These simulations
demonstrated that the lower and upper atmospheres are
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tightly coupled, the response to dust heating events in the
former is global, and occurs even in regions horizontally
remote to those directly affected by storms.

[5] Understanding the dynamics of the Martian atmo-
sphere as a whole is impossible without understanding the
coupling processes in the middle atmosphere (60–130 km).
This layer is important also because spacecraft aerobraking
operations are carried out at 100–130 km. Accurate predic-
tions are required for their proper performance as well as
for ensuring the safety of spacecraft and instruments during
such operations. Measurements at these heights are sparse
compared to those in the thermosphere and lower atmo-
sphere. This, however, may soon change, when the Mars
Atmosphere and Volatile Evolution Mission (MAVEN) ded-
icated to exploring the planet’s upper atmosphere is planned
to be launched in the end of 2013.

[6] The most abundant data set to date covering the mid-
dle atmosphere and lower thermosphere of Mars is based
on the SPICAM-MEX stellar occultation measurements
[Forget et al., 2009]. Comparisons with the predictions from
MGCM-MTGCM [McDunn et al., 2010] as well as from
the first GCM that extends from the surface to the exobase
[González-Galindo et al., 2009a, 2009b; Forget et al., 2009]
have shown that these models consistently overestimated
temperature above the mesopause, and struggled to repro-
duce observed densities at all altitudes. This brought the
hypothesis that there are physical processes at work that
were not adequately captured by the models. The authors
of the above study suggested that the influence of atomic
oxygen variability on the 15 �m CO2 cooling, which was
not included in their simulations, could be responsible for
the discrepancies. GWs that play a crucial role for the mid-
dle and upper atmosphere could be another physical process
missing in the GCMs.

[7] This work was motivated by our recent advances
in developing a spectral nonlinear parameterization of
subgrid-scale GWs suitable for GCMs extending into vis-
cous planetary thermospheres [Yiğit et al., 2008]. It was
extensively tested within the framework of the terrestrial
Coupled Middle Atmosphere-Thermosphere 2 (CMAT2)
GCM [Yiğit et al., 2009, 2012; Yiğit and Medvedev, 2009,
2010, 2012]. Medvedev et al. [2011b] applied this param-
eterization to wind and temperature distributions from the
Mars Climate Database based on the extended Laboratoire
de MKetKeorologie Dynamique (LMD) model of González–
Galindo et al. [2009a]. They found that these winds are
incompatible with the known physics of GWs, available
measurements of wave-induced variations in the thermo-
sphere determined by Fritts et al. [2006] and Creasey et
al. [2006b], and with the numerical simulations of upward
propagating GW harmonics [Parish et al., 2009]. Medvedev
et al.’s [2011b] modeling results were a clear indication of
a potentially important role of GWs in the Martian upper
atmosphere.

[8] Further interactive simulations with the Max Planck
Institute Martian GCM (to be described below) incorpo-
rating the Yiğit et al. [2008] scheme and extending to the
lower thermosphere [Medvedev et al., 2011c] confirmed
that the momentum supplied by GWs indeed dramatically
changed the distributions of wind and temperature above
�100 km, and therefore, such GW effects cannot be ignored.
Finally, inclusion of thermal effects of small-scale GWs in

addition to their dynamical effects, following the approach
with terrestrial GCMs [Medvedev and Klaassen, 2003; Yiğit
et al., 2009], produced colder temperatures at these altitudes,
which go quantitatively in the direction indicated by the
SPICAM measurements [Medvedev and Yiğit, 2012]. These
simulations have been able to reproduce the nighttime lati-
tude temperature profile obtained from Odyssey aerobraking
measurements [Bougher et al., 2006]. No other Martian
model, which did not properly take into account parame-
terized effects of unresolved GWs, was able to reproduce
this observed feature. An interesting result of the study by
Medvedev and Yiğit [2012] was that the simulated solsti-
tial temperature in the lower thermosphere was colder than
in previous GCMs mostly at high latitudes. This prediction
cannot be validated with the existing data at the moment, but
is readily available for comparisons in the future.

[9] We use essentially the same framework of the Martian
GCM interactively coupled with the spectral GW param-
eterization of Yiğit et al. [2008] to study the response of
the upper atmosphere to two major dust storms in the
lower atmosphere that occurred near the equinox and sol-
stice. Section 2 outlines the details of the model and the
extended GW scheme. As a reference, section 3 presents
the monthly climatology for the whole year simulated for
the low dust conditions. The distributions of suspended
airborne dust over the two major storm events (“dust sce-
narios”) are described in section 4. Results of simulations
for the Martian Years 25 and 28 (MY25 and MY28) are
presented in sections 5 and 6, correspondingly. Section 7
provides a discussion of thermospheric density changes.
Finally, in section 8, we summarize the results and present
the conclusions.

2. The Martian General Circulation Model
[10] The Martian GCM employed in this study has

recently been described in the works by Medvedev and Yiğit
[2012] and Medvedev et al. [2011c]. It is based on a spectral
dynamical core and includes the physical parameterizations
from the previous versions of this GCM [Hartogh et al.,
2005, 2007; Medvedev and Hartogh, 2007]. The vertical
domain extends to the lower thermosphere (model top at
pressure p = 3.6 � 10–6 Pa, approximately 150–160 km)
and is represented by 67 hybrid levels, which are terrain-
following near the surface, and pressure-based in the upper
atmosphere. All the simulations to be presented have been
performed using a triangular spectral truncation at total hor-
izontal wave number 21, which corresponds to �1000 km
for the shortest resolved horizontal wavelength.

[11] The model accounts for the radiative transfer in the
gaseous CO2. In the lower atmosphere, heating and cooling
rates are parameterized with a local thermodynamic equilib-
rium (LTE) radiation scheme of Nakajima et al. [2000] based
on the k-distribution method. Higher in the middle atmo-
sphere, an optimized version of the exact non-LTE code of
Kutepov et al. [1998] and Gusev and Kutepov [2003] is used.
This code employs the method of accelerated lambda itera-
tions, accounts for collisional quenching of CO2 molecules
by atomic oxygen, and can be used with variable inputs of
volume mixing ratios for both constituents. In the presented
simulations, we kept their vertical profiles constant, thus
excluding the mechanism suggested by González-Galindo
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et al. [2009a, 2009b] and Forget et al. [2009] and focus-
ing entirely on GW effects. Between 60 and 70 km, the
calculated heating/cooling rates from the LTE and non-LTE
schemes are very close and are smoothly merged. In the
upper atmosphere, heating due to absorption of solar UV
and EUV radiation by CO2 molecules is calculated with a
scheme that includes 37 spectral intervals ranging between 5
and 105 nm [Torr et al., 1979]. The scheme utilizes the solar
EUV flux model of Richards et al. [1994] and the heating
efficiency 0.22 [Fox, 1998; González-Galindo et al., 2005].
In all the simulations described in this paper, the solar activ-
ity was assumed to be close to minimum and corresponds
to F10.7 = 80 � 10–22 W m–2 Hz–1 at the Earth’s orbit and
scaled by the distance to the Sun. This value was chosen in
order to not mask the effects of dust from below by the solar
influence from above. The GCM accounts for thermal and
mass effects of the CO2 condensation and sublimation on the
surface and in the atmosphere.

[12] Heating and cooling rates due to absorption, emis-
sion, and scattering by atmospheric dust are computed with
the scheme of Nakajima and Tanaka [1986] using 19 rep-
resentative wavelengths: nine in the visible and ten in the
infrared. In all the simulations to be presented, the vertical
profiles of dust mixing ratio, Q, were prescribed using the
following analytical formula

Q(z) = Q0 exp

(
�

"
1 –

�
p0

p

� 70
zmax

#)
, p < p0, (1)

where Q0 = Q(z = 0), p is pressure, p0 = 6.1 mbar
is the global mean surface pressure, � = 0.007 is the
Conrath parameter utilized in many studies [Forget et al.,
1999; Lewis and Read, 2003; Medvedev and Hartogh, 2007].
Equation (1) represents the revised version of the formula
proposed by Conrath [1975], who assumed that the vertical
mixing of dust particles is determined by the effective dif-
fusivity and gravitational settling. zmax is the cutoff altitude
of dust (in kilometers), which varies with latitude � and the
dust optical depth � as follows:

zmax(�, � ) = 80 – 2(� – 2)2 – 11 sin2 �, � � 2,
zmax(�, � ) = 80 – 11 sin2 �, � < 2.

(2)

The distribution of zmax reflects the observations that
aerosols usually extend higher in the equatorial zone, decay
more abruptly toward the poles in both hemispheres, and
tend to penetrate higher when its total amount increases.
Further details about the application of the dust radiation
scheme and adopted optical properties of dust particles can
be found in the work by Hartogh et al. [2005, section 3.3].

[13] The spectral nonlinear GW parameterization used in
this study was fully described in the work of Yiğit et al.
[2008], and its implementation into the Martian GCM is
given in detail by Medvedev and Yiğit [2012] and Medvedev
et al. [2011c]. Briefly, the scheme calculates the vertical
propagation of individual subgrid-scale waves (with the
characteristic horizontal wavelength �H = 300 km) from
the source level placed in the lower atmosphere at p =
260 Pa (�8 km), and accounts for refraction, nonlinear
saturation/breaking due to mutual interactions with other
harmonics in the spectrum, and dissipation by exponen-
tially increasing with height molecular viscosity and thermal

conduction. It computes the momentum deposition (“drag”)
and heating/cooling rates, which are applied to the resolved
fields in the momentum and energy conservation equations,
correspondingly. The Gaussian spectrum for GW momen-
tum fluxes at the source level was approximated by 28
harmonics with horizontal phase velocities |c| < 60 m s–1

aligned along the direction of the local wind. The momentum
fluxes of GW harmonics at the source level were distributed
normally with respect to the local intrinsic phase speeds, and
the normalizing coefficient was chosen such that the root-
mean-square fluctuations of horizontal wave velocity were
near 1 m s–1, in accordance with the “background” values
observed by Creasey et al. [2006a, Figure 5]. Our grav-
ity wave parameterization has the source spectrum as the
only tunable parameter, besides the characteristic horizon-
tal wavelength. Certain amount of uncertainty in the GW
source spectrum could bring in the question of how well
the GW influence is captured in our model. Creasey et al.
[2006a] presented a map of GW-induced temperature fluc-
tuations showing regions with an order of magnitude higher
GW activity in the lower atmosphere than is used in our sim-
ulations. Miyoshi et al. [2011] indicated a potentially large
magnitude of GW sources near the tidal frequencies. There-
fore, we regard our calculations with the current setup as
a lower-limit estimate of GW effects in the atmosphere of
Mars, a background impact, which will only increase if more
wave sources are accounted for.

3. Seasonal Cycle for the Low Dust Conditions
[14] Before considering the effects of increased quantities

of aerosol particles suspended in the air, we first present the
model-produced climatology for the full year for low dust
conditions. This is only the second time (after the work of
González-Galindo et al. [2009a]) that results are reported
from a continuous run covering all seasons with a Mar-
tian GCM extending from the surface to the thermosphere.
The simulations were performed with the prescribed uniform
dust optical depth in visible wavelengths � = 0.2, and assum-
ing the Conrath-type vertically decaying dust mass mixing
ratio represented by equation (1). Such model climatology
helps to visualize the seasonal evolution of atmospheric
fields and also to serve as a reference point for separating the
impact of airborne dust enhancements.

[15] After 100 Martian solar days (sols) spinup for the
perpetual Ls = 0ı season, the GCM was run for 1 year,
and the height-latitude cross sections of monthly and zon-
ally averaged temperatures were plotted in Figure 1 with
contour lines. These results can be compared with those of
González-Galindo et al. [2009a, Figure 4] with an important
note that their simulations did not include parameterizations
of GWs other than for topographically forced (and steady
with respect to the surface) harmonics. Also, the run in the
work of González-Galindo et al. [2009a] was performed
with the prescribed varying dust load corresponding to the
MY24 observations. This means that the amount of airborne
aerosol in our simulation was smaller between approxi-
mately Ls = 180 and 280ı. The simulated mesopause in
Figure 1 is in average 10 to 20 km higher in all the sea-
sons compared to that of González-Galindo et al. [2009a],
but the temperatures at the mesopause are about similar. In
polar regions, especially during the first half of the year, the
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Figure 1. Zonal mean temperature (contour lines) simulated for the low dust conditions (total dust opti-
cal depth � = 0.2) employing the GW drag scheme. Color shades denote the difference between this run
and the simulation without GWs. Averaging periods in degrees of Ls are shown by the corresponding
labels.

mesopause temperatures in Figure 1 are warmer than those
predicted with the LMD GCM. This can be traced to the
mesosphere polar warmings, which are generally stronger in
our simulations.

[16] To evaluate the changes introduced by inclusion of
broad spectra harmonics with nonzero phase velocities,
the simulation was repeated with the GW scheme turned

off. The difference between the first and second runs is
shown in the same figure with color shades, accounting for
subgrid-scale GWs results in spectacular changes. Below
the mesopause, GWs enhance the polar temperatures, in
particular, around winter seasons (known as the “winter
polar warmings”) by up to 15 K. These results are in a
good agreement with the recently published characteristics
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Figure 2. Same as in Figure 1, but for the mean zonal wind. Shaded are the areas of westerly (prograde)
winds.

of the middle-atmosphere polar warmings based on the
MCS-MRO measurements [McDunn et al., 2013]. Above
the mesopause, GWs induce coolings by up to 45 K. We
have already presented similar results from our simulations
for the perpetual solstice at Ls = 270ı [Medvedev and Yiğit,
2012, Figure 1c]. The pattern of relative warming in the win-
ter polar region in the middle atmosphere and cooling above
the mesopause persists for all seasons. The main feature of
the simulated GW effect in the thermospheric temperature is
its latitudinal variation with stronger cooling in the high lat-
itudes of both hemispheres. The SPICAM stellar occultation

measurements [Forget et al., 2009; McDunn et al., 2010]
showed systematically colder (by 10 to 40 K compared to
previous model simulations) temperatures above 100 km.
Our results clearly demonstrate that the inclusion of a GW
scheme suitable for ground-to-thermosphere models pro-
duces such colder temperatures above the mesopause and
thus may explain many of the discrepancies between the
observations and previous modelings results. The height-
latitude distribution of the GW-induced cooling cannot be
verified at the moment because either sufficient measure-
ments do not exist or have yet not been published. Therefore,
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Figure 3. The observed dust total optical depth (in IR 9�m
band) during (a) MY25 (31 May 2000 to 17 April 2002) and
(b) MY28 (21 January 2006 to 08 December 2007).

these results can be viewed as the GCM-based prediction,
which is readily available for testing with future data, in par-
ticular with those from the MAVEN mission to be launched
in 2013.

[17] Figure 2 shows the corresponding mean zonal wind
simulated for each Martian month accounting for the effects
of parameterized nonorographic GWs. The main feature
that distinguishes these results from analogous runs with-
out GWs, [e.g., González-Galindo et al., 2009b, Figure 7;
Medvedev et al., 2011b, Figure 1, 2011c, Figures 3 and 7],
is the almost continuous presence of westerlies (gray shaded
areas) above the mesopause (�0.001 Pa) throughout the
year, and much slower easterlies in the middle atmosphere
and higher. Typical distributions of zonal wind in the sim-
ulations without GWs for solstices and equinoxes are given
in the sections to follow. The wind structure of the Martian
mesosphere and lower thermosphere presented in Figure 2
is, in many respects, very similar to that on Earth. It displays
reversals of the middle atmosphere easterly and westerly jets
above approximately the mesopause, extension of wester-
lies to the lower thermosphere in the opposite hemispheres,
wavy shapes of the jets in the equatorial region, which are
indicative of strong semiannual oscillations [Kuroda et al.,
2008]. The formation of these patterns is explained by fil-
tering of GW harmonics along their upward propagation
through the underlying background winds, and the deposi-
tion of momentum with opposite sign carried by surviving

waves upon their breaking and/or dissipation. This mech-
anism is generally known for the Earth atmosphere and
has recently been discussed in detail in the Martian context
[Medvedev et al., 2011c].

4. Scenarios of Dust Storms
[18] Dust storms occur regularly in the lower atmo-

sphere of Mars and often reach planetary scales, when
lifted aerosols obscure almost the entire planet. Most of
global dust storms emerge near the second half of the year
between approximately Ls = 180 and 300ı. Observations
from orbiters provided a substantial database of dust load
in the atmosphere over many Martian years. Most of the
information on dust is collected in the form of total dust
load in the infrared 9 �m band, � , although measurements
from the Mars Climate Sounder onboard Mars Reconnais-
sance Orbiter (MCS-MRO) allow the vertical distributions
of dust mixing ratios to be inferred [Heavens et al., 2011].
For our purposes, we have chosen two particular Martian
years during which major planet-encircling storms occurred
around the Martian equinox (MY25) and solstice (MY28).
This allows us to study the lower thermospheric response
at two distinctive seasons. The corresponding scenarios in
the form of zonally averaged latitude-time distributions of
� in IR from the MGS-TES [Smith, 2008] and MEX-PFS
[Formisano et al., 2009] data sets are shown in Figure 3.
Note that the dust opacity in the visible (0.67 �m) is set to
be twice of that in the IR (9 �m). The scenarios included
calculations of vertical Conrath-type profiles of dust mixing
ratios, in the same fashion as in the simulations for low dust
conditions in the previous section, which were then interac-
tively fed into the radiation scheme of the GCM. Although
the measurements by the MCS-MRO give evidences of more
complex aerosol distributions [Heavens et al., 2011], and
simulations indicate that the response is quite sensitive to
them [Bell et al., 2007; Guzewich et al., 2013], the upper
atmosphere above�60 km is not affected by direct radiative
effects of airborne dust throughout the simulations. Uti-
lization of observed vertical distributions of dust or more
sophisticated schemes of dust lifting and transport would
certainly provide further details to the results of this study.

5. Equinoctial Dust Storm
[19] The major dust storm of MY25 has started in the

Southern Hemisphere soon after the spring equinox (at Ls �
190ı), rapidly increased over few days extending as far as
to 60ıN, and then decayed until about Ls = 250ı. Between
Ls = 190 and 205ı, the amount of airborne aerosol increased
more than tenfold (up to � = 2.2 in IR) over the wide
range of latitudes. Here we present the results of simulations
for the peak period of the storm. All shown fields are the
17 sols averaged model output corresponding to the interval
between Ls � 190 and 200ı.

[20] Because our GCM takes into account two additional
important physical forcings by (i) nonorographic GWs that
affect regions mostly above the mesopause and (ii) air-
borne dust (in the lower atmosphere), we performed two
runs with the MY25 dust scenario: with and without GWs,
and compared them with the simulations for low dust con-
ditions (� = 0.2 in the visible). The results for zonal
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Figure 4. Mean zonal temperature averaged over Ls = 190–200ı (contours): (a) for the low dust condi-
tions (� = 0.2) and without the GW scheme, (b) for the MY25 dust storm and without GW scheme, (c)
for � = 0.2 but with the GW scheme included, and (d) for the MY25 dust storm and with the GW scheme.
Shaded is the temperature difference between the corresponding “dust storm” and“low dust” simulations:
without GW scheme (Figure 4b) and with GW parameterization included (Figure 4d).

mean temperature are shown in Figure 4. Figures 4a and 4b
demonstrate the changes produced by the dust storm if no
GWs were accounted for. Figures 4c and 4d are the same,
but with the GW scheme turned on. One can immediately
notice a commonality in the simulated atmospheric temper-
ature responses in both cases, which are highlighted with
color shadings showing temperature differences between the
MY25 run and the low dust scenario. In accordance with
measurements and previous GCMs studies [Medvedev and
Hartogh, 2007, and references therein], the simulated lower
atmospheric temperature increased by over 30 K due to
enhanced absorption of solar radiation by dust particles, and
the near-surface temperature dropped by 10 to 15 K owing
to fewer solar energy penetrating the opaque atmosphere.
The two simulations reproduce the 20 to 25 K temperature
increase over both poles in the middle atmosphere, previ-
ously observed [e.g., Jakosky and Martin, 1987], modeled

with a GCM [Wilson, 1997], and most recently studied in
detail by Kuroda et al. [2009]. The novelty here is the
result showing that the enhancement of the polar tempera-
ture extends far higher to the lower thermosphere, almost
to the top of the model in the Northern Hemisphere, as is
seen with reddish color shades in Figures 4b–4d. Bell et
al. [2007] were the first to demonstrate that thermospheric
polar warmings can intensify if dust opacity in the lower
layers increases. Our simulations indicate that the polar
temperature enhancements in the middle atmosphere and
thermosphere during dust storms are apparently linked and
synchronous.

[21] The other new result here is the unexpectedly strong
cooling of the middle and upper atmosphere (above �70–
80 km, pressures below 0.5–0.1 Pa) away from North Pole.
The temperature above the mesopause drops by up to –30 K,
that is, by the same amount as it rises in the lower

Figure 5. Same as in Figure 4, but for the mean zonal wind.
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Figure 6. Residual meridional (v*) and vertical (w*) velocities averaged over Ls = 190–200ı (contours):
(a) v* for the low dust conditions (� = 0.2), contour intervals are 10 m s–1; (b) v* for the MY25 distribution,
contour intervals are 10 m s–1; (c) w* in the low dust simulation, contour intervals are 0.1 m s–1; and (d) w*

for the MY dust storm, contour intervals are 0.1 m s–1. The shadings denote the differences between the
dust storm and low dust simulations: for the meridional velocity in Figure 6b and for the vertical velocity
in Figure 6d.

atmosphere, even though it is not directly affected by the
dust storm. Note that this cooling is produced in both sim-
ulations (with and without GWs). This can indicate that
the effect is not directly controlled by the parameterized
subgrid-scale waves. The role of GWs is to maintain gener-
ally colder background thermospheric temperatures, as was
discussed in section 3, and as follows from the comparison
of contour lines in Figures 4a and 4c, and 4b and 4d.

[22] The corresponding mean zonal winds are shown in
Figure 5. The overall change imposed by the dust storm in
both simulations is to intensify both the westerly and east-
erly jets by up to˙80 m s–1 in the entire domain. The effect
of GWs is opposite to that. Selective filtering by background
winds favors harmonics traveling against the flow, and there-
fore, the deposited momentum carried by surviving waves
acts generally as a drag on the local winds. Interesting is
the combined effect of the dust storm and GWs (Figure 5d),
which makes the distribution of winds in upper layers look
closer to the solstice-type circulation (Figures 2h–2j).

[23] Further insight into the atmospheric circulation can
be gained from Figure 6, where the meridional and ver-
tical residual velocities are plotted. The residual circula-
tion approximately describes the net material transport by
zonal mean circulation and by zonally averaged effects of
waves/eddies (“the Stokes drift”) [Andrews et al., 1987]. As
was described, the basic state of the upper atmosphere is sig-
nificantly shaped by the GW forcing. On the other hand, the
relative changes produced by the MY25 storm do not depend
on whether GWs were included or not. We do think that sim-
ulations taking account of subgrid-scale waves have more
physical merits. Therefore, we present results in Figure 6
only for the runs with the GW scheme included. Without
the storm, the meridional circulation consists of two almost
symmetrical (with respect to the equator) transport cells with
rising motions in low latitudes and descending branches over
the poles. This equinoctial-type circulation extends to the top
of the model in the Northern Hemisphere, and to�0.001 Pa

(100–110 km) over South Pole. In the Southern Hemisphere,
a weak global northward transport forms between 0.001
and 0.0001 Pa. Higher and poleward of 45ıS, it again is
replaced by the counterclockwise cell. (Figure 6a,c). These
cells enhance during the dust storm: the meridional north-
ward flow intensifies in the middle and upper atmosphere
(shades of red in Figure 6b), rising motions in low lati-
tudes and the descending ones over the poles strengthen as
well (pink and blue shades in Figure 6d, correspondingly).
This modified meridional transport consists of the smaller-
size counterclockwise cell in the Southern Hemisphere,
and the expanded clockwise cell that extends from pole to
pole above �100 km. Such circulation is similar to the

Figure 7. Residual meridional velocity (v*, in m s–1) for the
period Ls = 190–200ı (contour lines), and the total forcing
by GW drag and resolved eddies in m s–1 sol–1 (shaded): (a)
for the � = 0.2 simulation and (b) for the MY25 dust storm
conditions.
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Figure 8. Same as in Figure 4, but for the MY28 dust storm at Ls = 270 – 280ı.

pattern that develops in the low dust simulations about one
Martian month later (Ls = 240–250ı). Temperature changes
induced by the dust storm and discussed above can be readily
understood in terms of adiabatic heating and cooling associ-
ated with the alteration of the meridional transport. Heating
owing to the enhanced downward flow over North Pole is
responsible for higher polar temperatures, much like with
the middle atmosphere polar warmings. Cooling in the other
parts of the upper atmosphere is associated with the weaken-
ing of the downward flow in the Southern Hemisphere and
with stronger upward motions in low to middle latitudes in
both hemispheres.

[24] What maintains the circulation in the upper atmo-
sphere during the dust storm? When transience is negligible,
as is the case with temporally averaged fields, the momen-
tum equation at middle and high latitudes reduces to

– fNv* � r � F + ax, (3)

where f is the Coriolis parameter, Nv* is the residual merid-
ional velocity, r � F is the divergence of Eliassen-Palm (EP)

fluxes due to resolved eddies, and ax is the forcing owing
to unresolved (parameterized) disturbances. Figure 7 illus-
trates how the total forcing (right-hand part of equation (3))
alters during the MY25 dust storm. Because f changes signs
with crossing the equator, negative values of r �F + ax (blue
shades) in the Northern Hemisphere and positive (red) in
the Southern correspond to the northward acceleration of Nv*.
The residual meridional velocity contours closely follow the
forcing patterns providing the evidence that (3) holds with
a high degree of accuracy. At the time of the dust storm,
the northward forcing increases in the entire Northern Hemi-
sphere and in the Southern above �0.001 Pa, while the
area of southward forcing below shifts lower. EP flux diver-
gence due to larger-scale motions dominates forcing below
�0.1 Pa, and GW drag is stronger above.

6. Solstitial Dust Storm
[25] Having considered the atmospheric response to the

major dust storm in the equinoctial conditions, we now turn

Figure 9. Same as in Figure 4, but for the mean zonal wind during the MY28 dust storm at Ls =
270–280ı. Contour intervals are (a and b) 20 m s–1, (c) 0.2 m s–1, and (d) 0.1 m s–1.
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Figure 10. Same as in Figure 6, but for the MY28 dust storm simulation at Ls = 270–280ı. (d) Contour
intervals for w* are 0.1 m s–1.

to the second event, which occurred in the southern sum-
mer in MY28. Results in this section represent the model
output averaged over 15 sols at the midst of the storm
approximately between Ls = 270 and 280ı.

[26] Zonal mean temperature plotted in Figure 8 shows
spectacular changes introduced by the storm. Although the
absolute values of temperature above �0.1 Pa differ in
the simulations with and without parameterized GWs as in
the equinoctial case, the effects of the dust storm are quite
similar. The lower atmospheric temperature increased, in
average, by 30–40 K and by 70–80 K over the winter pole
below 1 Pa. Higher into the mesosphere and lower thermo-
sphere, the changes are also significant. The most notable of
them are 20 to 30 K cooling above the temperature peak over
the North Pole, 10 to 30 K cooling over the opposite pole that
extends to �100 km (0.01 Pa), and 20 to 30 K warmer tem-
peratures in tropics and everywhere above �110 km (except
at high latitudes of the Northern Hemisphere). Although the
changes in the upper atmosphere during the storms of MY25
and MY28 are different, their magnitudes are almost the

Figure 11. Same as in Figure 7, but for the MY28 dust
storm at Ls = 270–280ı.

same as those in the lower atmosphere, where the increase
of airborne aerosol took place.

[27] The impact of GW drag on zonal wind for low dust
conditions (Figures 9a and 9c, contour lines) has previ-
ously been discussed in detail in the work of Medvedev
et al. [2011c]. The most prominent results of accounting
for parameterized GWs, also displayed here, are the rever-
sals of westerly and easterly jets above �110 km in both
hemispheres, and significant weakening of the easterlies in
the middle atmosphere (Figure 9c). As with temperature,
the dust storm significantly modified the wind distributions
throughout the atmosphere. Although the zonal winds are
quite different in the simulations with and without GWs
(Figures 9d and 9b, correspondingly), the storm-induced
changes have many similarities. In both cases, the flow pos-
sesses more prograde momentum in low to middle latitudes
in the upper atmosphere and on the northern edge of the
winter polar jet in the middle atmosphere (pink shades). In
the rest of the atmosphere, winds become more retrograde
(blue shades).
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Table 1. MY25 Height Versus Pressure

Pressure, Pa 100 10 1 0.1 0.01 0.001 0.0001 1e-5

Height, km 19.1 39.0 61.4 79.3 96.3 112.3 128.3 149.2

[28] The meridional circulation and the changes induced
by the storm are presented in Figure 10 for the simulation
that included GW parameterization. Contour lines indicate
the velocity values, while color shades show the difference
with the fields simulated for the low dust (the visible optical
depth � = 0.2) conditions. It is seen that the northward resid-
ual meridional velocities significantly (by up to 80 m s–1)
decelerate in the upper portion of the model domain dur-
ing the storm. Below in the middle atmosphere, the model
reproduces the enhancement of the summer-to-winter hemi-
sphere transport that extends the circulation cell to higher
winter latitudes. The latter is in a good agreement with
the previous simulations [e.g., Wilson, 1997; Medvedev and
Hartogh, 2007; Kuroda et al., 2009]. Our upward extended
GCM shows also a secondary peak of enhanced northward
velocities around 0.01 Pa in the summer hemisphere, which
was not captured in previous models. Distributions of the
residual vertical velocity in Figures 10c and 10d illustrate
the circulation further. The main changes introduced by the
storm at altitudes above the 0.1 Pa pressure level are the
weaker descending motions over the winter North Pole as
well as the weaker rising flow at low latitudes, and a signif-
icant (up to 0.5 m s–1) increase of the upward motions over
South Pole. One can also see a formation of the two-cell
circulation in the very top of the domain above �120 km
(�0.0005 Pa).

[29] Thus, temperature changes induced by the dust
storm can be directly related to adiabatic heating associated
with the modified meridional circulation: cooling in high
northern latitudes is due to the weaker descending flow, and
cooling over South Pole is caused by the stronger upward
transport. The overall warmer air at low latitudes above
�70 km and near the top of the model are due to slower
rising, and even descending motions, correspondingly.

[30] It now remains to relate the modified meridional
transport to changes in the forcing. For that, we again super-
imposed the total forcing by resolved eddies and GW drag
(shades) on the residual meridional velocities (contours)
in Figure 11. The red and blue areas in the plot for low
dust simulation demonstrate the almost uniform south-to-
north forcing of the global transport (Figure 11a). During
the dust storm, this forcing is much weaker in the Northern
Hemisphere (Figure 11b). In the Southern Hemisphere, the
maximum of forcing is shifted lower, and almost absent near
the model top.

7. Density Changes
[31] Withers and Pratt [2013] presented observational

evidences of upper atmospheric density enhancements dur-
ing dust storms. Although the measurements were taken at
different altitudes, times, and dust loads, they found that
average densities increase by a few times. More specifically,
the factor of increase was estimated between 1.9 and 2.6
for the MGS accelerometer data at 130–160 km, data, 5 at

110–120 km, and 2 at 60–70 km for the SPICAM UV stellar
occultation retrievals, around 1.6 for the MGS radio sci-
ence data, and 2.3 to 3.5 from Mariner 9 radio occultation
data. In our simulations, instantaneous upper atmospheric
density values vary significantly, but when averaged, they
demonstrate storm-induced increases at almost all locations.
Figure 12 presents typical profiles of atmospheric density
from the simulations for the MY25 dust storm (red line)
and low dust scenario (green). The densities were projected
from the model pressure levels onto the geometrical heights,
averaged zonally and over the Ls = 190–200ı interval, and
are shown at 60ıS (Table 1). It is seen that the enhance-
ment starts at around 30 km, and its magnitude grows with
height. The factor of �3 increase remains approximately
constant between 70 and 120 km and decays to 1 at 160 km.
The latter result agrees with the observational evidence of
Forbes et al. [2008] that the effects of dust on density are
limited to the lower thermosphere. In other latitudes and for
the MY28 simulations, the enhancement coefficient demon-
strated a similar vertical behavior and varied between 2 and
4 in most cases. These simulation results are in a good agree-
ment with the observational evidences provided by Withers
and Pratt [2013]. Note that the results of the latter work
correspond to relatively weak dust storms. Thus, our sim-
ulations apparently do not support speculations of Withers
and Pratt [2013] that average upper atmospheric densities
can increase up to tenfold during major planet-encircling
dust storms.

8. Summary and Conclusions
[32] We considered the response of the upper atmosphere

of Mars (up to �160 km) to two major dust storms in
the lower atmosphere using a GCM interactively coupled
with the Yiğit et al. [2008] parameterization of subgrid-
scale nonorographic gravity waves (GWs) suitable for
ground-to-thermosphere models. The simulations included
the prescribed dust distributions corresponding to the planet-
encircling storms of Martian Years 25 and 28 (MY25 and
MY28). These events occurred at about Mars equinox and
solstice, correspondingly.

[33] Surprisingly, the simulations showed that the tem-
perature above the mesopause, in the region not directly
affected by radiative effects of airborne aerosol, changed
to the same degree as in the lower atmosphere. At the
equinox (MY25), the upper atmosphere became up to 30 K
colder, a temperature change of the same magnitude as
the warming in the lower atmosphere. An exception is
the northern high-latitudes region, where the storm-induced
warming extended all the way up to the top of the model.
The response to the solstitial dust storm of MY28 was
also spectacular, although more complex. The temperatures
above the mesopause dropped by 10–30 K in middle and
high latitudes, and increased in tropics and above 120 km
(�0.0005 Pa) almost everywhere (except in high latitudes
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of the Northern Hemisphere). Mean zonal winds were also
greatly altered by the storm events. Mainly, it manifested in
strengthening the easterly and westerly jets throughout the
lower and upper atmosphere.

[34] In order to find out whether these changes were medi-
ated by GWs, we first performed reference simulations for
the low dust conditions (dust optical depth in the visible
� = 0.2) with and without the extended GW parameteri-
zation. The corresponding monthly mean climatologies of
temperature and wind are shown in Figures 1 and 2 for
the entire year. They demonstrate that GWs have a pro-
found effect in the Martian atmosphere above 100 km at
all seasons, similar to that discussed recently for certain
solar longitudes Ls [Medvedev et al., 2011c; Medvedev and
Yiğit, 2012]. Accounting for the dynamical and thermal
effects of GWs results in up to 30 K colder temperature
in high latitudes of the lower thermosphere, which may
compensate many of GCM deficiencies compared to obser-
vations [Forget et al., 2009; McDunn et al., 2010]. GWs
also contribute to the enhancement of the polar warmings
in the middle atmosphere and thermosphere. The momen-
tum deposition by GWs strongly alter the wind structure
above the mesopause. They reverse both easterly and west-
erly jets, and, especially, significantly weaken the easterlies.
With the accounting for GWs, the overall distribution of
zonal winds becomes reminiscent of that in the terrestrial
middle atmosphere.

[35] By performing simulations for MY25 and MY28 sce-
narios, we have found that the responses in the upper atmo-
sphere to the dust events are very similar in the runs with
and without the GW parameterization included. Although
the basic states in them were different, the temperatures
dropped by approximately the same amount at equinox and
showed similar patterns of cooling/warming in the solstice.
Further analysis of the meridional circulation showed that
the temperature changes can be well explained by the mod-
ifications of the adiabatic heating and cooling associated
with the up- and downwelling branches in the global cir-
culation cells. Near the equinox (MY25), the northward
pole-to-pole transport increased near the mesopause and in
the upper atmosphere during the storm, bringing the circu-
lation closer to the solstitial type. Thus, the rising motions
in the Southern Hemisphere and sinking ones over North
Pole amplified. Contrary to that, the northward meridional
velocities abated in the thermosphere at the solstice (MY28),
while significantly increased near 100 km (�0.01 Pa) in the
summer hemisphere in addition to the well-known enhance-
ment of the summer-to-winter transport near the mesopause.
Our simulations convincingly prove that all these changes
were maintained by altered distributions of divergences of
Eliassen-Palm fluxes due to resolved eddies (solar tides and
planetary waves) and accelerations/decelerations by param-
eterized GWs.

[36] Densities above �30 km increased during the dust
storm events of MY25 and MY28 by the factor 2 to 3 in
average, well in accordance with the observational evidences
presented by Withers and Pratt [2013] for lesser dust storms.
They are related to the overall expansion of the atmosphere
caused by enhanced heating by the suspended airborne par-
ticles. Although instantaneously densities vary a lot in the
thermosphere, their average enhancements maintained over
a wide range of altitudes and declined toward the top of the

model at 160 km. The latter is in agreement with the observa-
tional conclusion of Forbes et al. [2008] that the dust effects
on density are limited to the lower thermosphere.

[37] Our simulation study reveals the intimately close
link between the lower and upper atmosphere of Mars. The
meridional circulation extends to high altitudes, where it
sensitively responds to anomalous dust events within several
scale heights near the surface. This coupling between atmo-
spheric layers is mediated by the momentum carried by ver-
tically propagating eddies—by tides, planetary, and gravity
waves,—and deposited to the mean flow upon their break-
ing and/or dissipation. There are many details that deserve
further consideration, and which were disregarded in this
paper, such as timing of the upper atmosphere response, the
role of particular waves, influence of spatially varying dust
and its layered structure [Heavens et al., 2011]. The major
uncertainty at this time is with constraining GW sources in
the lower atmosphere, and, especially, with validating the
model predictions in the atmosphere above the mesopause.
Our study reflects the current knowledge of this and agrees
with the existing observational evidences. Many results pre-
sented here are the predictions, which constitute a definitive
base for further validation with future observations. Such
data will probably soon become available from in situ mea-
surements by Neutral Gas and Ion Mass Spectrometer, and
remote ones from the Imaging Ultraviolet Spectrograph
onboard the MAVEN orbiter to be launched later this year.
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