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We have used two different General Circulation Models to study the thermal and wind structure of the

Martian upper atmosphere (mesosphere and thermosphere). Both models take into account the effects

of waves propagating from the lower atmosphere, although they use different methods for this purpose.

We present the results of three simulations that allow us to take into account the seasonal

variability of the Martian atmosphere. Simplified dust scenarios and a common set of input parameters

are used.

The temperatures and winds predicted by both models show an overall good agreement. However,

some differences have been identified, generally of a local nature. The magnitude of these differences

tends to increase with the amount of dust in the lower atmosphere. The different heating terms of the

upper atmosphere predicted by both models are in good agreement, which suggests that the differences

between the models have their origin in the propagation of waves from the lower atmosphere.

This study has allowed us to confirm the important role of the redistribution of the energy by the

winds in producing the longitude–latitude structure of the temperatures. Both models predict also a

thermospheric polar warming during the Southern summer solstice, although its intensity seems to be

model-dependent and connected to lower atmosphere dust loading.

1. Introduction

During the last decades of the 20th century, the Martian

thermosphere remained almost unexplored. We can mention

remote sounding of the Martian airglow by Mariner 9 and, as

regards in situ data, some individual temperature profiles taken

during the entries of Viking Landers (Nier and McElroy, 1977; Seiff

and Kirk, 1977), Pathfinder (Schofield et al., 1997; Magalh~aes

et al., 1999) and the Mars Exploration Rovers (Withers and Smith,

2006). However, in the last 10 years, a new suite of data has been

taken that have unveiled some interesting aspects of the Martian

upper atmosphere although still do not offer a global view of the

latitudinal, seasonal, and solar cycle variations.

During the Mars Global Surveyor aerobraking, a tidal structure

mainly composed of waves 2 and 3 was observed, and attributed

to non-migrating components associated with topography

(e.g. Keating et al., 1998; Bougher et al., 2001, 2004; Wilson,

2002; Angelats i Coll et al., 2004). Similar conclusions have been

obtained from the analysis of electron profiles measurements by

MGS (Bougher et al., 2004). During Mars Odyssey aerobraking, a

polar thermospheric warming was observed during Northern

winter (Keating et al., 2003), resulting from adiabatic heating

from the subsiding branch of a strong interhemispheric circula-

tion cell during solstices (Bougher et al., 2006). The SPICAM

instrument on board Mars Express has observed for the first time

the NO nightglow on Mars. This emission is produced by the

recombination of the N and O atoms, produced in the diurnal

upper atmosphere by photodissociation, and transported to the

night side (Bertaux et al., 2005), making it a good tracer of

the thermospheric dynamics. This instrument has also permitted

the study of the upper atmosphere dayglow (Leblanc et al., 2006)

and the vertical temperature and density profiles of the meso-

sphere and the lower thermosphere (Forget et al., 2009; McDunn

et al., 2010). The Mars Climate Sounder (MCS) instrument on

board Mars Reconnaissance Orbiter (MRO) has observed the

propagation of the thermal diurnal tide in the middle atmosphere

of Mars (Lee et al., 2009). All these results show signatures of a

strong coupling between the upper and lower atmospheres.

Several General Circulation Models for the study of the Martian

atmosphere have been developed in the last 40 years, such as the
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NASA Ames MGCM (Pollack et al., 1990; Haberle et al., 1993,

1999), the thermospheric MTGCM originally developed at the

National Center for Atmospheric Research (Bougher et al., 1990,

1999, 2000), the GFDL Mars-GCM (Wilson and Hamilton, 1996)

and the model developed by the Laboratoire de Météorologie

Dynamique (Paris, France), LMD-MGCM (Hourdin et al., 1993;

Forget et al., 1999). With the exception of the MTGCM, all these

models have been devoted to studies of the Martian atmosphere

below about 80 km. Recently, in collaboration with the Instituto

de Astrofı́sica de Andalucı́a (Granada, Spain), the LMD model has

been extended to thermospheric altitudes, becoming the first

GCM covering the whole Martian atmosphere (Angelats i Coll

et al., 2005; González-Galindo et al., 2005). The MTGCM has been

recently coupled to the NASA Ames MGCM, allowing also a

complete coverage of the different regions of the Martian

atmosphere (Bougher et al., 2004, 2006, 2009). Some other

ground-to-exosphere Martian GCMs are currently under devel-

opment (Takahashi et al., 2003; Moudden and McConnell, 2005;

Bougher et al., 2008).

The main goal of this work is to use two General Circulation

Models (GCMs), which extend from the surface up to the exobase,

in order to perform an intercomparative modeling study. We are

not specifically devoted here to comparisons with data, but to

study the behavior of the upper Martian atmosphere from such a

model intercomparison perspective.

Many different intercomparative studies between the two

models are possible, as for example the comparison of the

predicted neutral concentrations or the atmospheric emissions

in the upper atmosphere. However, we have decided to limit this

study to the comparison of the thermal and wind structure in the

upper atmosphere, and their relationship with the thermal

balance in the mesosphere and the thermosphere. Although the

thermal balance should be the most important factor in

determining the temperatures in the upper atmosphere, we are

aware that maintaining such a tight focus may result in missing

some scientifically interesting correlations between other vari-

ables and the temperatures/winds. Hopefully, future studies will

be done that will complete the results presented here.

Both the LMD-MGCM and the MTGCM have been previously

used to study some of the above mentioned observations of the

Martian upper atmosphere, and in particular the thermospheric

polar warming (TPW). Bougher et al. (2006) and Bell et al. (2007),

using the MTGCM (coupled to the NASA Ames MGCM), found an

important effect of the dust optical depth and its vertical distribution

over the intensity of the TPW. González-Galindo et al. (2009b)

showed the importance of the in situ heating terms in the creation of

the TPW and the influence of the propagation of waves created in

the lower atmosphere in its intensity. Comparisons between these

published results are not easy because of the differences in the input

parameters used and in the treatment of some physical processes. In

this work, we have tried to minimize those differences, in particular

using the same input parameters (e.g. solar flux, dust distribution,

etc.), so we aim to make a coherent comparison of the thermo-

spheric polar warming predicted by the models.

Similar comparative work has not been done before for the

Martian thermosphere, and we consider it invaluable for a

number of objectives. Specifically, to validate the models, to

prove their ability to obtain similar results when similar inputs

are used, to test the different mechanisms which couple different

atmospheric layers, and to identify robust results/features of the

Mars upper atmosphere which appear as non-model dependent.

In Section 2 we will present the main characteristics of both

models. The scenarios chosen for this study will be described in

Section 3. The results of the models and of their comparison will

be analyzed in Sections 4 and 5, and in Section 6 we will

summarize the main conclusions of this work.

2. The models

The Mars Thermospheric General Circulation Model, MTGCM,

is a finite difference primitive equation model that self-consis-

tently solves for time-dependent neutral temperatures, neutral-

ion densities, and three component neutral winds over the globe

(Bougher et al., 1999, 2000). The MTGCM is currently driven

from below by the NASA Ames MGCM code at the 1:32mbar level

(60–80km), capturing both migrating and non-migrating upward

propagating tides plus the thermal expansion and contraction of

the Mars lower atmosphere with the passage of the seasons and

dust storm events (Bougher et al., 2004, 2006, 2009). Key

prognostic (temperatures, zonal and meridional winds) and

diagnostic (geopotential height) fields are passed upward from

the MGCM to the MTGCM at every MTGCM grid point on 2-min

timestep intervals. No downward coupling from the MTGCM to

the MGCM is presently activated. The inclusion of the Ames

MGCM in providing a realistic lower atmosphere is critical for

achieving a realistic simulation of the Mars upper atmosphere

within the MTGCM domain (Bell et al., 2007). The coupled

MGCM–MTGCM framework has been used to construct inputs for

the MARSGRAM 2005 empirical model (e.g. Justus and Justh,

2005; Justh and Justus, 2007) that was utilized to support Mars

Reconnaissance Orbiter aerobraking.

The LMD-MGCM model evolved from a terrestrial GCM. The

dynamical core solves the primitive equations by using a grid-

point discretization. The adaptation to Mars was done by

incorporating a package of physical processes appropriate for

the Martian surface and atmosphere. It was the first Martian GCM

in reproducing successfully the annual cycle of surface pressure

(Hourdin et al., 1993), and it has been used in a number of studies

of the Martian atmosphere (Forget et al., 1995, 1998, 1999;

Montmessin et al., 2004; Angelats i Coll et al., 2004). One of the

most important applications of this model is the construction of

the European Mars Climate Database (EMCD) (Lewis et al., 1999)

that is being currently used by many groups as a reference for

atmospheric studies and also for engineering design of future

missions to Mars. The LMD-MGCM has been extended to the

thermosphere, becoming a ground-to-exosphere model (Angelats

i Coll et al., 2005; González-Galindo et al., 2005, 2009a).

Both models include the most relevant processes for the upper

Martian atmosphere. We will briefly describe here the main

differences in the implementation of these processes into the

models.

UV heating is the most important heating source of the

Martian upper atmosphere (Houghton, 1979). LMD-MGCM

considers absorption of UV solar radiation by CO2, O2, O, H2,

H2O, H2O2 and O3. Although only CO2 and O have a significant

effect over the UV heating in this model, it is necessary to include

absorption by the other compounds to calculate their photo-

dissociation coefficient that will then be used for photochemical

calculations. In the MTGCM the constituents that absorb UV solar

radiation are CO2, O, N2, CO and O2. The numerical method used in

the LMD-MGCM to calculate this heating term is described in

González-Galindo et al. (2005). Briefly, a tabulation of the

photoabsorption coefficients in 36 carefully chosen spectral

intervals, based on previous work with a 1-D model, is used. For

the MTGCM, regular 1-nm intervals in the range 5–240nm are

used. This is a difference with previous versions of the MTGCM

(see, for example Bougher et al., 1999, 2000).

The radiative cooling rate by CO2 emission at 15mm, including

NLTE effects, has an important role in determining the temperature

structure of the upper atmosphere (e.g. Bougher et al., 1999). Both

models use the same parameterization, described in López-

Valverde and López-Puertas (2001), which uses a fixed atomic

oxygen concentration instead of the concentration predicted by the
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models (what we will call ‘‘static oxygen’’ scheme). The implica-

tions of this assumption are explored in Forget et al. (2009),

González-Galindo et al. (2009a), and Lillis et al. (2010). In short, an

overestimation of the temperatures in the upper mesosphere and

the thermosphere when compared to SPICAM measured tempera-

ture profiles can be, at least in part, attributed to this assumption.

The MTGCM version used in previously published papers uses a

modification of this parameterization to accommodate for the

atomic oxygen concentration predicted by the model (what we will

call ‘‘dynamic oxygen’’ scheme) (Bougher et al., 2006, 2009). This

modification is not used in this work.

NIR heating is included in both models using the results of

López-Valverde et al. (1998). While in the LMD-MGCM an analytical

fit to the tabulation presented in that work is used, the MTGCM

directly uses the tabulation in the form of look-up tables. This

difference should have a negligible effect over the results.

Thermal conduction is the process that provides the primary

offset of UV heating (Bougher et al., 1999; González-Galindo,

2006). In both models its implementation is based on a well

tested numerical solution of its governing equation. The same is

true for the molecular viscosity.

Molecular diffusion determines the vertical variation of the

concentrations above the turbopause (about 125km). Both

models use multicomponent diffusion, based on Dickinson and

Ridley (1972, 1975), with binary diffusion coefficients. In the

LMD-MGCM these coefficients are calculated following the

method used in Nair et al. (1994), scaling them from the diffusion

coefficient through hydrogen by using the square root of the

molecular masses. For the MTGCM, bi-molecular diffusion

coefficients are specified using the scheme outlined by Banks

and Kockarts (1973), with individual coefficients gathered from

several sources (e.g. Banks and Kockarts, 1973; Mason and

Marrero, 1970; Dickinson and Ridley, 1972).

Eddy diffusion has been traditionally used in 1-D models as a

means to reproduce the effects of the general circulation and of

small-scale mixing over the concentration of the species

(Colegrove et al., 1965). It is important in these models to include

this process to obtain a well-mixed lower atmosphere. This process

is also often used in GCMs to account for the small-scale mixing

produced by subgrid-scale processes, such as the gravity wave

breaking. In the MTGCM, a small value for the eddy diffusion

coefficient is utilized (i.e. a maximum value of 107 cm2/s is used

near the homopause). Nevertheless, the large-scale circulation does

most of the vertical mixing. In the LMD-MGCM no eddy diffusion is

used, as the mixing of the atmosphere is achieved by the general

circulation and the parameterization of some small-scale processes,

such as gravity wave drag. The implementation of this gravity wave

drag in the LMD-MGCM is discussed in Collins et al. (1997) and

Forget et al. (1999). It has to be noted that the gravity wave drag has

been found to affect the zonal winds and the meridional circulation

in the lower–middle atmosphere of Mars (Forget et al., 1999), but

Angelats i Coll et al. (2005) found that the effect of this process on

the upper atmosphere is quite modest. So, we do not expect

important differences between the results of bothmodels as a result

of the inclusion or not of the gravity wave drag scheme.

Photochemistry is key in determining the concentrations of the

different species in the upper atmosphere, and therefore, also for a

correct UV heating calculation (González-Galindo et al., 2005).

The LMD-MGCM solves the continuity equation for 12 species in

the C, O and H families (in particular CO2, CO, O, O(
1D), O2, O3, H,

OH, HO2, H2, H2O and H2O2), taking into account 27 reactions

between them. Photochemical equilibrium for the fastest species

(O(1D), OH and HO2) can be used to accelerate the calculations,

without affecting the accuracy of the results. More information

can be found in González-Galindo et al. (2005). MTGCM solves the

prognostic equations for the neutral major species (CO2, CO, N2

and O), selected minor species (Ar, He and O2) and several

photochemically produced ions (e.g. CO2+, O2+, O+, CO+, NO+)

(Bougher et al., 2004). No ionosphere is yet implemented in the

LMD-MGCM, which can have an influence in the determination of

correct neutral concentrations. In particular, the ionization of CO2

can be a non-negligible source of atomic oxygen.

Grid size is also different on both models. While LMD-MGCM

uses a 5.625�4 deg in the horizontal in the simulations shown

here, with 50 levels above the surface in the vertical in s

coordinates, the MTGCM grid is 5�5 deg in the horizontal, with

33 pressure levels above 1:32mbar. In the common range of

pressures, the LMD-MGCM includes 29 layers. Both horizontal

and vertical resolutions are therefore similar and should not

provide important differences in the results.

Maybe the most important difference between the models is

the coupling between the lower and upper atmospheres. LMD-

MGCM is a ground-to-exosphere model, so it naturally couples

the lower and upper atmospheres, including also the interchange

with the surface. The MTGCM, as explained above, is a purely

thermospheric model, so to take into account the effect of the

lower atmosphere over the thermosphere it is coupled in detail

(at each grid point) to a GCM of the Martian lower atmosphere

(see Bougher et al., 2004, for further details).

A summary of the methods used to implement these processes

in both models is presented in Table 1.

3. Common input parameters

Three basic scenarios (that is, common sets of basic input

conditions) have been designed for this study. The basic idea was

to keep the scenarios as simple as possible, but close to the real

atmospheric conditions. The scenarios should also allow us to

explore the different sources of variability in the models, paying

special attention to the seasonal and dust load variability. With

this is mind, we decided to use three different scenarios:

� Scenario #1: Ls¼0, no dust;

� Scenario #2: Ls¼90, shallow dust distribution (CR¼0.3);

� Scenario #3: Ls¼270, heavy dust load (CR¼0.03).

Table 1

Differences in the implementation of the physical processes in both models.

LMD-MGCM MTGCM

Horizontal grid

(lon� lat)

5.625�4 5�5

Vertical

extension

Ground to exosphere

(0–250 km)

1:32mbar� exosphere;

coupled to lower

atmosphere model

UV heating CO2, O2, O, H2, H2O, H2O2;

36 non-regular intervals

CO2, O, N2, CO, O2; 1-nm

regular intervals

CO2 15mm López-Valverde and López-

Puertas (2001), fixed

atomic O

López-Valverde and

López-Puertas (2001),

fixed atomic O

CO2 NIR

heating

Analytical fit to tables in

López-Valverde et al. (1998)

Tabulation from López-

Valverde et al. (1998)

Molecular

diffusion

Multicomponent, binary

coefficients

Multicomponent, binary

coefficients

Eddy diffusion No Yes, coeff. o107 cm2=s

Photochemistry 27 neutral reactions,

C, O and H families

28 ion-neutral reactions
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For the scenarios #2 and #3 the dust is homogeneously

distributed in the horizontal, with a vertical structure given by a

Conrath distribution (Conrath, 1975) with values 0.3 and 0.03 for

the Conrath parameter, respectively.

We have tried to use as similar as possible dust opacities.

However, dust opacities are defined differently (wavelength,

reference pressure level, dust properties) in each of the models.

Moreover the multiple scattering fast radiative models at solar

wavelength used in each GCM have been shown to yield different

heating rates (see Savijärvi et al., 2003, 2005). In such conditions,

we have chosen to use opacity values¼0.3 in the MTGCM

and¼0.2 in the LMD-MGCM for the scenario #2 and ¼1 and

¼0.7, respectively, for the scenario #3. These values have been

used in previous comparisons between the LMD-MGCM and the

NASA/AMES GCM and shown to provide good agreement for the

temperatures in the lower atmosphere.

The same value for the UV and EUV heating efficiency, 18%, and

for the CO2–O deactivation rate, 3�10�12 cm3/s, inside their

theoretical range of variability (Fox, 1988; Shved et al., 1991;

Lopez-Puertas et al., 1992; Pollock et al., 1993) have been used in

both models. Also similar spectroscopic data and the same UV

solar flux datasets, taken from the SOLAR2000 database (Tobiska

et al., 2000) have been used for solar moderate conditions.

The models were run, starting from initial states that are

different for each model but appropriate for each season, for 10

days for initialization (which allows to minimize the effects of

using different initial states) and then for other 10 days in which

the outputs of the models are averaged to obtain the results. All

the results studied are obtained at UT¼12.

We present in the following sections figures that illustrate the

same fields as predicted by both models.

Most of the maps below are either pressure-latitude maps of

zonal mean magnitudes or longitude–latitude slices at given

pressure layers. Although the focus of this paper is in the

mesosphere–thermosphere region (that is, the layers above about

80km), when plotting the zonal mean temperature the vertical
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range chosen for representation is between the surface and

10�8 Pa (approximately 250km, although this equivalence

changes with season), allowing us to extend the comparison of

the simulated temperatures to the lower atmosphere. That is,

these plots include the lower atmosphere, the mesosphere, the

mesopause region and the thermosphere, including the exobase

region (that, following Valeille et al., 2010b, we can place at about

160–220km). For this purpose, we have combined the tempera-

tures given by the MTGCM in the upper atmosphere and those

produced by the AMES-MGCM in the lower atmosphere. When

plotting zonal mean values of other magnitudes, we have

preferred to focus only in the upper atmosphere, and the chosen

vertical range is between 0.1 and 1�10�7Pa (that is, between

approximately 70 and 230 km). We would like to remind the

reader that the altitude values that are given together with the

pressure values are only approximative, and should be considered

as a rough estimation rather than as an absolute value.

4. Results for equinox

4.1. Zonal mean structure of the temperatures

Zonal mean thermospheric temperatures predicted by both

models, from the surface up to the upper thermosphere (10�8Pa

or about 240km) can be seen in Fig. 1. As mentioned in Section 3,

for this purpose we have merged in a same plot the temperatures

predicted by the MTGCM for pressures lower than about 0.2 Pa
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(that is, altitudes higher than approximately 70km) and those

predicted by the NASA Ames MGCM for pressures higher than

about 0.2 Pa. The transition region between both models is

marked as a white band in the plot. Both the LMD-MGCM and

the MTGCM–MGCM models predict a similar vertical thermal

structure. The temperatures decrease in the lower atmosphere

when going from the surface to higher altitudes. Both models

predict a similar double minimum structure in the lower–middle

atmosphere, with minimum temperatures of about 145K for the

LMD-MGCM and � 135K for the NASA Ames MGCM around 10Pa

(approx. 40 km), and in the mesopause. Although below the 0.1 Pa

level (about 85 km) temperatures tend to be somewhat higher in

the LMD-MGCM, in the thermosphere the agreement between the

models is quite good, with very similar temperatures all around

the thermosphere.

Both models predict a mesopause placed at about the same

pressure level (about 3�10�3Pa or approximately 110km) and

with the same temperature (� 1302135K, with slightly lower

values in the high latitudes regions). The global mean tempera-

ture of the mesopause is determined by the efficiency of IR

radiative processes (Bougher et al., 1994; States and Gardner,

2000; Strobel, 2002), although some terrestrial studies show that

other processes, like chemical heating and wave propagation can

produce departures from this average mesopause (States and

Gardner, 2000). So, the similar temperature and altitude of the

mesopause in both models is indicative of a similar thermal

balance at these altitudes.

Previous independent comparisons of the nighttime tempera-

tures predicted by each model with temperature profiles

measured by SPICAM in the upper mesosphere and lower
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thermosphere region (Forget et al., 2009) show that the models

tend to overestimate the temperature of the mesopause and to

underestimate its altitude (McDunn et al., 2010; Forget et al.,

2009; González-Galindo et al., 2009a). It has been suggested that

the differences between the LMD-MGCM results and the observa-

tions can be due to the ‘‘static oxygen’’ scheme (as defined in

Section 2) used in the 15mm cooling parameterization. However,

the MTGCM also shows differences with the observations

when using the ‘‘dynamic oxygen’’ scheme, which suggests that

other processes, such as the dynamical heating, can be playing

a role.

As stated above, other processes, distinct from radiative and

dynamical ones, can have an influence on the altitude of the

mesopause. Studies performed for the terrestrial atmosphere have

shown that the inclusion in the models of the energy released by

chemical reactions can raise the altitude of the modeled

mesopause by about 10km (Berger and von Zahn, 1999). In the

Earth model, the three-body recombination of atomic oxygen and

the reactions with ozone are the most important contributions to

the chemical heating, which is about 10K/day at the mesopause

altitude. The MTGCM includes the chemical heating due only

to the three-body recombination of atomic oxygen, while

LMD-MGCM does not include any chemical heating. This might

explain the low altitude of the mesopause in the models when

compared to the observations. However, previous estimations

done with the LMD-MGCM (González-Galindo, 2006) and MTGCM

show that this heating term should be only a minor contribution

to the heating balance at these altitudes.
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In the upper thermosphere (layers with pressure lower than

about 10�5Pa, above approximately 180 km) both models predict

higher zonal mean temperatures in the polar regions (around

260K in both models, although the maximum temperatures tend

to be located close to the poles in the LMD-MGCM and at about

760 deg latitude for the MTGCM) than in mid- and low-latitudes

(220K). This is due partially to an efficient dynamic cooling of the

mid- and low-latitudes in the dayside and to the permanent

illumination in polar regions at these altitudes during the equinox

season. In addition, downward compressional heating owing to

the equator-to-pole circulation also contributes to warm equinox

temperatures near both poles (Valeille et al., 2009, 2010a).

4.2. Longitude–latitude cross sections

Although zonal mean maps allow us to study the big picture of

the thermal and wind structure, the zonal averaging can mask

some important features. Selected maps showing the variation of

a given field magnitude with longitude and latitude at a fixed

pressure level will allow further insight into the 3-D structure and

physical behaviour of the upper atmosphere. A map illustrating

the longitude and latitude variation of the temperature (color

contours) and zonal and meridional winds (arrows) in a constant

pressure layer in the upper thermosphere (P¼1.5�10�8 Pa, or

about 240km, that is, well above the exobase) is shown in Fig. 2

for this equinox case. As we are showing maps for UT¼12, the

longitude axis can be considered as the local time axis, with

midday at lon¼0 and midnight at lon¼7180, which implies that

both the spatial and temporal variability are mixed.

The thermal structure predicted by both models is similar:

maximum temperatures in the polar regions and in the termi-

nator, especially in the evening, and minimum temperatures

(about 170K) close to the equator after midnight. In general, the

temperatures predicted by the models are of a similar magnitude.

However, there are some differences, expected when comparing

these complex models. For example, the maximum temperatures

in the evening terminator are higher in the MTGCM (up to 310K)

than in the LMD-MGCM (about 270K), and the secondary

maximum of temperatures close to noon (lon¼0) in the MTGCM

(about 270K), that is not predicted, at least with similar intensity,

by the LMD-MGCM. However, the good general agreement is not

strongly affected by these differences at particular locations.

Which process or processes are responsible for this longitude–

latitude structure of the temperatures in the upper thermosphere?

First of all, recall that the temperatures do not change with

LMD, u

-180 -120 -60 0 60 120 180
-90

-60

-30

0

30

60

90

L
a

ti
tu

d
e

521- -100

-7
5

-75

57-

-7
5

-5
0 -5
0

-50

-50

-50

-2
5

-25

-25

-25

-2
5

0

0

0

0

0

0

25

25

25

25

50

50

50

75

75
7
5

75

001

100

521

125

051

150

MTGCM, u

-180 -120 -60 0 60 120 180
-90

-60

-30

0

30

60

90

-1
75

-1
50

051-

-1
5
0

-1
2
5

-125

-1
25

-1
0
0

-1
0
0

-1
0
0

-100

-7
5

-7
5

-75

-75

-5
0

-5
0

-5
0

-2
5

-2
5

-2
5

0

0

0

2
5

25

2
5

5
0

50

7
5

75

1
0
0

10
0

1
2
5

12
5

150
15

0

17
5

-250 -200 -150 -100 -50 0 50 100 150 200

LMD, v

-180 -120 -60 0 60 120 180

Longitude

-90

-60

-30

0

30

60

90

L
a

ti
tu

d
e

-1
25

-1
00

001-

-7
5

-75

-7
5

05-

-50

-50

-25

-2
5

-2
5

-25

0

0

0

0

0

0

2
5

25

25

25

50

50

50

50

75

7
5

75

10
0

100
1
2
5

150

MTGCM, v

-180 -120 -60 0 60 120 180

Longitude

-90

-60

-30

0

30

60

90

-175

-1
5
0

-150

-1
2
5

-125

-100

-1
00

-100

-7
5

-75
-75

-5
0

-50

-5
0

-5
0

-25

-2
5

-2
5

0

0

0

0

2
5

2
5

25

5
0

50

5
0

7
5

75

7
5

1
0
0

100

1
0
0

1
2

5

1
2
5

125

1
5
0

1
7
5

200

-250 -200 -150 -100 -50 0 50 100 150 200

Wind (m/s)

Fig. 5. Zonal (upper panels) and meridional (lower panels) winds (m/s) at the lower thermosphere (P� 10�4 Pa, about 150 km) given by the LMD-MGCM (left panels) and

the MTGCM (right panels) for Ls¼0 and UT¼12. Longitude axis is equivalent to a local time axis (LT¼12 for lon¼0). Note that the contours in this plot correspond to the

arrows in Fig. 3.

8



altitude in the upper thermosphere (above approximately 10�5Pa,

� 180km). Furthermore, the longitude–latitude structure of the

temperatures is very similar at all levels of the thermosphere, as

can be seen by comparing the temperatures in the upper

thermosphere (P¼1.5�10�8Pa, about 240km, Fig. 2) with the

temperature structure of the lower thermosphere (P¼1�10�4Pa

or about 150km, Fig. 3). This implies that the temperatures at a

given layer in the upper thermosphere do not only reflect local

heating/cooling, but also the integrated effect over the entire

thermosphere.

An examination of different layers of the longitude–latitude

structure of the radiative (UV heating, NIR heating and 15mm

cooling) terms and of thermal conduction (figures not shown)

shows that the UV heating and the NIR heating vary slowly over

all the illuminated area, and so they cannot produce variations of

temperature with longitude and latitude. The longitude–latitude

distribution of the 15mm cooling has a clear relationship with the

temperature structure: the areas with higher temperature show a

higher 15mm cooling rate. This is due to the strong, non-linear

dependence of this cooling term with temperature (e.g. López-

Valverde et al., 1998). This means that the lon–lat distribution of

the 15mm cooling is a consequence, and not the origin, of the

temperature distribution. The same can be said for the thermal

conduction. So, other non-radiative process must regulate the

temperature distribution.

A look at the heating effect of the winds (horizontal advection

and adiabatic compression), shown in Fig. 4, reveals a clear

correspondence between the areas of high (low) temperature in
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the upper thermosphere (P� 1� 10�8 Pa, or about 240km) and the

regions with high dynamic heating (cooling) in the lower thermo-

sphere (P� 1� 10�4 Pa, or about 150km). This confirms the strong

feedback of the dynamics on the thermal structure described by

Bougher et al. (2000, 2009). Also some of the differences between

the temperatures predicted by both models can be explained by

Fig. 4: the higher temperatures predicted by the MTGCM at the

evening terminator are related to a stronger dynamical heating

predicted by this model at that particular location.

The zonal and meridional winds in the lower thermosphere

ðP� 1� 10�4 Pa, or about 150km) are shown in Fig. 5. It can be

seen that both models predict a very similar wind structure, both

for the zonal and the meridional components. However, MTGCM

tends to predict slightly more intense winds than the LMD-MGCM.

So, maximum eastward zonal winds are obtained for both models

close to the pole around lon¼90, but the maximum intensity is of

about 210m/s for the MTGCM and 175m/s for LMD-MGCM. The

same is true for the meridional winds, with maximum intensity

around 225m/s (both northward and southward) for the MTGCM

and only 200m/s for the LMD-MGCM.

The behaviour of the meridional winds shows that the winds

diverge approximately from the Equator (corresponding to the

subsolar latitude for this Ls¼0 case) in the day hemisphere and

converge in the night hemisphere. There is a clear correlation

between the convergence/divergence of winds and the dynamic

heating/cooling shown in Fig. 4: the areas of strong dynamic

heating in the terminators are produced by a strong convergence of

the winds.
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We can conclude that, even if the mean temperature in the

thermosphere is determined by the balance between the different

radiative heating/cooling terms and molecular conduction, the

winds efficiently redistribute the energy deposited by these

processes producing a longitude–latitude distribution of tem-

peratures characterized by higher (lower) temperatures in areas

with convergence (divergence) of the wind patterns.

5. Results for solstice

5.1. Longitude–latitude temperature structure

Fig. 6 shows the thermal structure in the upper thermosphere

(P� 1� 10�8 Pa, or about 220km) for the Ls¼90 simulations. As

for the equinox case, there is a good global agreement in the

thermal structure predicted by both models, with a similar

distribution of hot and cold areas. In particular, both models

reflect clearly the shape of the terminator, with maximum

temperatures in low latitudes in the afternoon and in mid-high

Northern latitudes at the beginning of the morning, and minimum

temperatures at the Equator after midnight. Both models predict

an area of lower temperature in the mid-high latitudes of the

Northern hemisphere after the morning terminator.

In contrast to the situation for the Ls¼0 case, in this case

maximum temperatures are in good agreement (about 300K in

both models), but minimum temperatures are significantly higher

in the LMD-MGCM (about 180K) than in the MTGCM (about

110K). These areas of very cold temperature in the MTGCM

originate in the lower thermosphere and seem to be related to a

very strong dynamical cooling, less intense in the LMD-MGCM.

But in this case also the mean nighttime temperature is higher in

the LMD-MGCM. This points to a difference in the heating balance

between the models, but a comparison of the zonal mean heating

terms does not show important differences between the models

(figure not shown). Another possibility would be that the higher

nighttime temperatures in the LMD-MGCM were due to a more

efficient redistribution of heat from the dayside to the nightside,
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but in this case the daytime temperatures should be lower in the

LMD-MGCM, which is not the case.

What is the situation in the opposite season, Ls¼270? The

temperature predicted by both models at this season in the upper

thermosphere (P� 1� 10�8 Pa, or about 250km) is shown in

Fig. 7. As for the Ls¼90 case, the shape of the terminator can be

clearly distinguished in both models. In this case, MTGCM

predicts higher maximum temperature (about 390, and 370K

for the LMD-MGCM) and lower minimum temperatures (around

150, 200K for the LMD-MGCM). So, it seems that there is a general

tendency for the MTGCM to predict wider day–night temperature

differences. As we have seen before, these areas of extreme

temperatures are related to strong dynamical heatings/coolings,

so this is indicative of stronger extreme dynamical heatings/

coolings in the MTGCM.

For this particular case, not only are the values of the

maximum and minimum temperatures different, but also the

positions of the areas of maximum temperatures are different in

both models. While the MTGCM predicts maximum temperature

at the beginning of the morning, the areas of maximum

temperature in the LMD-MGCM are close to the evening

terminator. As shown in Section 4.2, the latitude–longitude

distribution of the temperature in the thermosphere is deter-

mined by the redistribution of the energy by the winds, mainly in

the lower layers of the thermosphere. In this case, the MTGCM

predicts a strong dynamical heating in the lower thermosphere

during the first hours of the morning, while the LMD-MGCM

predicts the stronger dynamical heating at the evening termina-

tor. What produces these differences? As we will see later, the

heating terms predicted by both models in the mesosphere and

thermosphere region are in good agreement, so the differences in

the values and position of the dynamical heating cannot be due to

a dynamical response to differences in the radiative heating

balance. Our hypothesis is that they are due to differences in the

vertical propagation of thermal tides from the lower atmosphere.

This would explain why the differences are more important for

the Ls¼270 case, when there is more dust and thus a reinforced

wave activity in the lower atmosphere.

To test this hypothesis, we have studied the excitation of

vertically propagating tides in the low atmosphere. An analysis of

the intensity of the migrating diurnal and semidiurnal tides in the

surface pressure fields produced by both models shows higher

intensity for the AMES model. For the semidiurnal migrating tide,

the maximum normalized amplitude is 0.023 for the AMES model

and 0.015 for LMD-MGCM. For comparison, a similar study for the

Ls¼0, no dust case, shows much more similar amplitudes in both

models (0.0058 for AMES model and 0.0052 for LMD-MGCM).

We want to emphasize that these differences between the

models, of a local nature, are only small departures from the

general situation of overall good agreement between the models.

As we will see below, in spite of these local differences, the

average temperatures and heating terms predicted by both

models are quite similar.

5.2. Zonal mean temperature: thermospheric polar warming

The zonal mean temperatures obtained by both models for the

Ls¼270 case are shown in Fig. 8. There is a general good

agreement in the thermal structure in the upper thermosphere

(that is, above about 10�5 Pa or � 180km), with maximum zonal

mean temperatures of about 300K for the LMD-MGCM and 290K

for the MTGCM in the high latitudes of the Southern hemisphere.

However, in the low–mid-latitude region, temperatures given by

LMD-MGCM tend to be between about 10 and 30K higher. Both

models predict an increase of temperature when approaching the

winter pole in the mesopause–lower thermosphere region (layers

between 10�2 and 10�4 Pa, � 1102150km).

As already commented in Section 1, one of the most interesting

features observed in the last years in the upper Martian

atmosphere is the thermospheric polar warming (TPW) detected

by Mars Odyssey in the polar night for Southern summer solstice

(Keating et al., 2003). The ability of the models to reproduce this

feature is an interesting test of their performance. We should

remind the reader that the simulations presented here are not

designed to reproduce the exact conditions of MO observations. In
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particular, as explained in Section 3, the simplified dust distribu-

tion used, although may be representative of the average

conditions during the dust season, does not correspond exactly

to the conditions during MO observations.

Fig. 9 shows the zonal mean temperatures predicted by the

LMD-MGCM (solid line) and the MTGCM (dashed line) at 120km

and constant local time LT¼2, as a function of latitude. Both

models predict minimum temperature (about 145K for the LMD-

MGCM and 150K for the MTGCM) at the same latitude, about

45N, in good agreement with the observations by Mars Odyssey

(thick dashed-dotted line). The comparison with the observations

shows also that both models overestimate the temperature at this

latitudinal range in between 30 and 40K. At least part of this

overestimation can be attributed to the fixed atomic oxygen

concentration used in the 15mm cooling parameterization, as

described in Section 2, that is known to produce an under-

estimation of the cooling (e.g. Forget et al., 2009). This hypothesis

is supported by previous work with the MTGCM that shows that,

when using a variable atomic oxygen concentration in the 15mm

cooling parameterization, the overestimation of the nighttime

temperatures is of only 10–15K. We would like to remark that the

underestimation of the 15mm cooling should be strong in the

winter hemisphere and, in particular, in the winter pole where

atomic oxygen accumulates, and thus it should affect the intensity

and structure of the predicted thermospheric polar warming

significantly.

The intensity of the polar warming predicted by both models is

different. The LMD-MGCM predicts an increase of temperature

from the minimum at Lat¼45N to the pole of slightly less than

40K, while for the MTGCM the increase of temperature is of about

58K, similar to the � 55K warming observed by Mars Odyssey.

What is producing this difference in the intensity of the thermo-

spheric polar warming?

Bougher et al. (2006) have shown that the thermospheric polar

warming is due to the dynamical heating produced by the

subsidence of air in the descending branch of the Hadley cell at

the polar night region during solstices. A comparison of this

heating term (that combines hydrodynamical advection and
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adiabatical heating/cooling) as given by both models is shown in

Fig. 10. Both models show a general tendency to cool the summer

hemisphere and to heat the winter hemisphere, with some

departures of this situation. Focusing on the polar night region,

it is significant that the LMD-MGCM predicts the maximum

heating in the upper thermosphere region (above 10�5Pa or

180km), where the thermal conduction is very efficient, while the

MTGCM shows maximum dynamical heating in the mesopause/

lower thermosphere region (between 10�3 and 10�5 Pa, around

130–180km), where the higher density makes the thermal

conduction much less efficient. In the winter polar mesopause

(10�3Pa, � 130km), the heating predicted by the MTGCM varies

between about 200 and 500K/day, while the LMD-MGCM predicts

a more modest heating rate, between approximately 200 and

350K/day.

This lower dynamical heating in the polar region predicted by

the LMD-MGCMwhen compared to the MTGCM should be related

to a less efficient circulation. Thus, we compare the zonal mean

meridional winds obtained by both models in Fig. 11. Both models

predict a change of the dynamical regime between the meso-

pause–lower thermosphere region, where IR balance is dominant,

and the upper thermosphere, where UV heating dominates. There

is a very good agreement in the meridional winds in the upper

thermosphere (above about 10�4Pa or 150km), with maximum

northward winds (about 95m/s in both models) close to the

Equator and weak zonal average winds in the Northern hemi-

sphere. In the upper mesosphere/lower thermosphere region

(below about 10�4 Pa or 150 km), although the global structure is

similar in both models, with zonal mean northward winds

dominating at almost all latitudes, it is clear that in the Northern

(winter) hemisphere the northward winds are much more intense

in the MTGCM, with a maximum wind speed of up to 110m/s,

compared to about 50m/s in the LMD-MGCM.

Given the structure of the meridional winds at these

altitudes, a zonal averaging can mask some interesting features.

Longitude–latitude maps for the meridional winds at the upper
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thermosphere region (P� 10�8 Pa or 250 km) are shown in the

upper panels of Fig. 12. In the mid- and high-latitudes of both

hemisphere, the meridional winds present two jets of different

sign and similar intensity (200–250m/s). Both models present a

similar wind structure, with Northward (Southward) winds

during the day in the Northern (Southern) hemisphere and

Southward (Northward) winds during the night in the Northern

(Southern) hemisphere. The overall result is a divergence of winds

from the Equator at daytime and a convergence at nighttime. Both

the structure and the values of the meridional winds at this level

are similar in both models, although the extreme values are

higher in the MTGCM (250m/s for 220m/s for the LMD-MGCM).

What is the situation in the region of the mesopause (pressure

around 10�3Pa, � 130km), where the TPW occurs and where

the zonal mean meridional wind presented differences between

the models? The longitude–latitude meridional wind structure at

this level is presented in the lower panels of Fig. 12. Although

both models predict a similar structure, it is clear that the MTGCM

predicts more intense northward winds in the low- and mid-

latitudes of the Northern hemisphere (between 30 and 60N,

maximum wind is about 190m/s for the MTGCM and 140m/s for

the LMD-MGCM). So, the differences obtained in the zonal mean

meridional winds are not due to a different structure of the winds

predicted by the models, but rather to a difference in the intensity

of the jets at a given latitude range.

González-Galindo et al. (2009b) have shown the importance

that the in situ thermal tides in the upper atmosphere have in the

determination of the thermal and wind structure at these

altitudes and thus on the interhemispheric circulation. These in

situ thermospheric tides are created by the local heating terms,

that is the CO2 NIR heating and the UV heating. A comparison of a

zonal average for these heating terms can be seen in Fig. 13. It is

clear that both the NIR heating and the UV heating are globally

very similar in both models. The peak heating for both terms are

found at about the same levels (10�2Pa, � 110km for the NIR

heating and 5�10�6 Pa, � 190km for the UV heating), and the

values of the heating are very similar (at the NIR heating peak,

190K/day for the LMD-MGCM and 170K/day for the MTGCM; at

the UV heating peak around 1400K/day for both models). The

same can be said for the other important heating/cooling terms in

the upper atmosphere, the 15mm cooling and the thermal

conduction (figures not shown).

We can thus conclude that the differences in the intensity of

the meridional winds are not due to differences in the local

heating/cooling terms dominant in the upper atmosphere. Most

probably, these differences have their origin in the lower
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atmosphere. Bougher et al. (2006) and Bell et al. (2007) have

shown how the interannual variations in the dust amount in the

lower atmosphere affect the thermospheric polar warming.

Previous simulations with the LMD-MGCM, using similar para-

meters for the upper atmospheric processes (solar flux, EUV

heating efficiency) but a different dust distribution in the lower

atmosphere, produce a more intense polar warming, of about 60K

(González-Galindo et al., 2009b), similar to the observed one.

A look at the zonal mean temperatures in the lower atmo-

sphere (below 0.1 Pa or about 80km) given by both models and

represented in Fig. 8 shows that the NASA Ames MGCM produces

temperatures that are higher than the LMD-MGCM temperatures.

In particular, around the 10Pa level (� 30km above the surface)

NASA Ames MGCM temperatures are between 15 and 25K higher

than LMD-MGCM temperatures, with a maximum difference of up

to 40K in the North polar region. So, the polar warming predicted

by the Ames model in the lower–middle atmosphere is signifi-

cantly more intense than the one predicted by the LMD-MGCM.

As was mentioned, there are differences in the radiative transfer

scheme used in both models that make it difficult to get the same

radiative effect of suspended dust. These results suggest that

these differences in the treatment of the radiative transfer in dust

produce a stronger dust heating in the NASA Ames MGCM and

thus a higher temperature of the lower atmosphere that, by

means of a modified dynamics, produces the differences in the

intensity of the thermospheric polar warming and the longitude–

latitude structure of the thermospheric temperatures.

6. Conclusions

Two different global circulation models of the upper Martian

atmosphere, the MTGCM and the LMD-MGCM, have been run for

three different scenarios that reflect the seasonal variability of the

Martian atmosphere, using similar input parameters. Our goal

was to compare the global temperature and wind structures in

the upper atmosphere, correlate them to the plausible heating

sources as given by two different models, and identify dynamical

patterns and atmospheric interactions which appear in both

models.

In general, we can conclude that both models are in good

overall agreement. The zonal mean structure as well as the

longitude–latitude distribution of the temperatures and the winds

are similar. Also the different heating terms important in the

upper atmosphere are in good agreement. We have identified

some differences in the models, but they are mainly of a local

nature and do not affect the global agreement. These differences

are more important for the scenarios with a higher dust load in

the lower atmosphere. Together with the good agreement in the

local heating/cooling terms in the upper atmosphere, this points

to differences in the propagation of waves from the lower

atmosphere as a plausible explanation to the discrepancies found

between the models.

This intercomparison exercise has also allowed us to identify

some features of the upper Martian atmosphere that appear in

both models. We have found that the redistribution by the winds
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of the energy deposited by the radiative heating terms is at the

origin of the particular longitude–latitude temperature distribu-

tions found in the thermosphere. This is a further example of the

importance of the dynamics in the structure of the upper

atmosphere of Mars, already shown previously (Bougher et al.,

2006, 2009).

Another feature reproduced by both models is the existence of

the thermospheric polar warming during the perihelion season.

However, this intensity is higher in the MTGCM than in the

LMD-MGCM, due to a reinforced meridional transport in the

upper mesosphere/lower thermosphere region. An analysis of

the radiative heating terms at these altitudes shows a good overall

agreement between the models. The warmer low atmosphere and

a stronger excitation of migrating tides in the AMES MGCM

suggests that the differences found have their origin in the lower

atmosphere, and are produced by differences in the latitudinal

pressure and temperature structure in the low layers of the

atmosphere, and by the different propagation of tides from the

lower atmosphere.

We think that this intercomparison exercise has been very

useful as a way of validating the models and also to study the

structure of the upper Martian atmosphere. We plan to continue

the intercomparison in the future in order to study other more

specific model results, like wave propagation, or temporal

response to thermal and chemical perturbations at different

altitudes. This exercise is open to other GCMs of the upper

Martian atmosphere.
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González-Galindo, F., Forget, F., López-Valverde, M.A., Angelats i Coll, M., Millour,
E., 2009a. A ground-to-exosphere Martian general circulation model: 1.
Seasonal, diurnal, and solar cycle variation of thermospheric temperatures.
Journal of Geophysical Research (Planets) 114, 4001.
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