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Figure 1. The standard deviation that is calculated by the five-
consecutive-points method as a function of the horizontal wave-
length �h for artificial sine waves with an amplitude of 1. The pa-
rameter ↵ is the angle between the horizontal wave vector and the
orbit of the sounding volume (0� is wave propagation along the or-
bit; red line). The apparent wavelength is given by �h/cos↵. The
magenta line denotes the Nyquist length when the wavelength is 2
times the sampling length of the near-polar orbit, which is about
165 km. Generally, our method is sensitive to inertia-gravity waves
with wavelengths between about 200 and 1500 km. Planetary waves
in zonal direction have a high value of ↵ and are nicely suppressed
by our method.

are not well defined, and the measurement noise may dom-
inate. Thus, the choice of five consecutive points is the best
compromise.

By means of artificial sine waves which are sampled with
a spacing of 165 km along the sounding volume orbit, we
can estimate the response of our method. Figure 1 shows the
result for different angles ↵ between the horizontal wave vec-
tor and the orbit. Waves propagating along the track (↵ = 0�,
red line) can have wavelengths of about 1500 km, and they
still contribute to the standard deviation. Tides and planetary
waves which have a ↵ value of about 80� (in the case of the
near polar orbit of Aura) and large horizontal wavelengths
are strongly suppressed by our method as the blue line in
Fig. 1 shows. There are aliasing effects left of the magenta
line in Fig. 1. Thus, our method includes some noise from
high-frequency and medium-frequency gravity waves. For-
tunately, the amplitudes of these waves in nature are smaller
than the amplitudes of inertia-gravity waves so that the noise
and aliasing problem should be not a serious problem for
our data analysis. In summary, the standard deviation will
be a good proxy for the inertia-gravity waves with horizontal
wavelengths from 200 to 1500 km.

Jiang et al. (2004a) explained in detail that the variable
angle ↵ between the line of sight and the wave fronts can
lead to measurement geometry biases. Preusse et al. (2002)

Figure 2. Monthly zonal mean of temperature (upper panel) and
its standard deviation (SD(T ), lower panel) for July 2015 as ob-
served by the satellite experiment Aura/MLS. The cold summer
mesopause in the Northern Hemisphere and the cold polar vortex in
the lower stratosphere of the southern winter Northern Hemisphere
are present.

investigated the sensitivity of space-based measurements of
stratospheric mountain waves to the viewing geometry. For
the purpose and conclusions of the present study these bi-
ases are not so relevant since we are mainly interested in the
order of magnitude and the rough geographic distribution of
inertia-gravity wave activity.

The vertical resolution of the temperature profiles of
Aura/MLS ranges from 3 km in the stratosphere to 6 km in
the mesosphere (Schwartz et al., 2008). The present study
utilizes Aura/MLS data of version 4.2. Temperature fluctua-
tions with vertical wavelengths of 6 to 30 km are expected to
have the strongest response. The approximated dispersion re-
lation of inertia-gravity waves under inclusion of the Coriolis
frequency f is (Fritts and Alexander, 2003)

!̂2 = N2 k2
h

m2 + f 2, (1)

where N is the buoyancy frequency, !̂ is the intrinsic wave
frequency, kh is the horizontal wave number, and m is the
vertical wave number. For a constant buoyancy frequency
N = 2⇡/5 min and f for 45� latitude, the intrinsic grav-
ity wave periods are of the order of 2–12 h for horizontal
wavelengths of 200–1500 km and vertical wavelengths of 6–
30 km, which most efficiently contribute to the standard de-
viation of the horizontal temperature fluctuations.

Figure 2 shows the zonal mean temperature field and its
standard deviations for July 2015. This figure gives a first
orientation. In the present study we intercompare the data
of July 2015 and January 2016. As expected, the mesopause
temperature has a minimum in the summer Northern Hemi-
sphere in Fig. 2. The standard deviation of the zonal aver-
ages is around 10 K in the winter stratosphere while the sum-
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17.3.1 The Brewer-Dobson Circulation 

The latitudinal gradient of heating in combination with geostrophic equilib- 
rium favors motion that is chiefly zonal, with only a small meridional com- 
ponent to transfer heat and chemical species between the equator and poles 
(Chapter 15). In the winter hemisphere, ozone heating establishes an equa- 
torward temperature gradient over a deep layer (Fig. 1.7), which, by thermal 
wind balance, produces strong westerly flow. Stratospheric westerlies intensify 
upward along the polar-night terminator, where SW absorption vanishes, to 
produce the polar-night jet (Fig. 1.8) and the circumpolar vortex (Fig. 1.10b). 
In the summer hemisphere, a poleward gradient of heating, which follows from 
the distribution of daily insolation (Fig. 1.28), produces a deep temperature 
gradient of the opposite sense and strong easterly circumpolar flow. 

Under radiative equilibrium, the circulation is zonally symmetric and ex- 
periences no net heating. Then, by the first law, individual air parcels do not 
cross isentropic surfaces. This implies no net vertical motion and, by continu- 
ity, no net meridional motion--analogous to the zonally symmetric circulation 
in Sec. 15.2. Therefore, mechanical disturbances that drive the circulation out 
of radiative equilibrium play a key role in producing the gradual meridional 
overturning that accompanies strong zonal motion in the middle atmosphere. 

The behavior of long-lived tracers (Figs. 17.4 and 17.7) implies upwelling 
in the tropics, where tropospheric air enters the stratosphere. Downwelling at 
middle and high latitudes, which is required by continuity, can then explain the 
large abundances of ozone observed in extratropical regions. Air drawn pole- 
ward and downward from the chemical source region of ozone in the tropical 
stratosphere (Fig. 17.9) would then undergo compression to yield the greatest 
absolute concentrations /903 (Fig. 1.17) and hence the greatest column abun- 
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F i g u r e  17.9 Streamlines of the mean meridional circulation of the middle atmosphere, in 
a quasi-Lagrangian representation. Adapted from Garcia and Solomon (1983), copyright by the 
American Geophysical Union. 

Streamlines  of  mean  meridional  circulation  in  the  middle  atmosphere  
(Salby 1996):  i.e.,  mass  meridional  stream  function  (kg  m-­‐1  s-­‐1)



Surface  temperature:
220  K

Surface  pressure:
0.006  bar

Composition:
95%  CO2
2.7%  N2
1.6%  Ar

Conditions:
Winds,  dust  storms,  clouds  

of  H2O  and  CO2

Small  greenhouse  effect,  cannot  
support  liquid  water.



The  axial  tilt  (obliquity)  of  Mars  is  25o.    The  solar  day  is  about  
25  hr long.    Perihelion  ~1.4  AU,  aphelion  ~1.7  AU.    



bias mentioned above to the density profile, and use the
resulting profile to retrieve temperature. The associated shift
remains below 3K between 60 and 110 km. Below, dust may
affect the quality of the results. In any cases, we believe that
SPICAM temperatures below 0.1 Pa (or 70 km) are often
strongly overestimated, and not reliable.

4. Seasonal Variations
4.1. Influence of the Lower Atmosphere on Density

[10] The atmospheric densities observed by SPICAM
primarily vary with seasons. Figure 4 shows a compilation

of the density measurements interpolated at various altitudes
above the Mars geoid (areoid) as defined by the Mars
Orbiter Laser Altimeter (MOLA) team in the IAU2000
cartographic frame [D. E. Smith et al., 2001]. Density varies
by a factor of about 3 at 70 km and more at higher altitudes.
Density is minimum around southern winter solstice (Ls =
90!) and maximum around Mars perihelion (Ls = 251!).
This was expected. To first order, it corresponds to the
variations of the atmospheric temperature in the lower
atmosphere, as observed for instance by the Thermal
Emission Spectrometer (TES) aboard MGS [M. D. Smith
et al., 2001, Smith, 2004]. Indeed, the density r at a given

Figure 4. CO2 density as a function of season at various altitudes above the Mars zero datum (areoid).
Only the data obtained below 50! latitude are shown.

E01004 FORGET ET AL.: MARS UPPER ATMOSPHERE OBSERVED BY SPICAM

5 of 19

E01004

From  Forget  et  al.  (2009):  MEX/SPICAM  stellar  occultations



variation of the monochromatic cross section between 195 K
and 295 K. Below 195K and above 295K no temperature
dependence is considered, as in the nominal model of Nair
et al. [1994]. This last assumption may affect the photo-
absorption rates in the lower atmosphere, as discussed by
Nair et al. [1994] (see, for example, their Figure 16). The
cross section for Rayleigh scattering for CO2 is also
included, following Atreya and Gu [1994].
[12] The solar flux at TOA was taken from the

‘‘SOLAR2000’’ database [Tobiska et al., 2000] for solar
maximum (F10.7 = 224.1), medium (F10.7 = 118.3), and
minimum conditions (F10.7 = 73.8), and scaled to the
appropriate Sun-Mars distance. The original, high resolu-
tion data for the solar flux and cross sections have been
averaged to a 1 nm spectral regular grid for the calculations
in this work; a sample of calculations performed for higher
spectral resolution did not show differences.
[13] Calculations for this work were performed for a

temperature/density reference atmosphere appropriate for
medium solar activity conditions, shown in Figure 1. This
and the gases abundances profiles were taken from Nair et
al. [1994], and the surface pressure was set to 6.4 mbar.
This 1-D model can handle any altitude grid; for this work,
a 1-km regular grid was used.

2.2. Selected Results

[14] Typical results of atmospheric heating rates due to
the different constituents are shown in Figure 2. The largest
contribution obviously comes from the major constituent of
the Mars atmosphere, CO2, which is responsible for a
maximum heating rate of about 500 K/day around 150 km
altitude, for moderate conditions of solar activity. Even in
the upper layers of the atmosphere, where O is as abundant

as CO2, the latter is the dominant heater, showing that CO2

is more efficient heating the atmosphere than O, because it
absorbs radiation in a wider spectral range.
[15] Comparisons with nominal results from other models

of UV solar heating of the Martian upper atmosphere were
performed within an intercomparison campaign carried out
recently [López-Valverde et al., 2003]. While an excellent
agreement was obtained with the photoabsorption coeffi-
cients for CO2 and O2 of the UV absorption model by the
Service d’Aeronomie [Lefevre et al., 2004], significant
differences with the O2 photoabsorption coefficients of the
MTGCM [Bougher et al., 1999] were obtained. These are
probably due to the use of different absorption cross
sections in the Lyman a region and at wavelengths higher
than 190 nm.

3. UV Heating Fast Scheme

[16] An approximation to the atmospheric optical path is
at the core of our scheme. The optical depth depends both
on the abundances of the different compounds and on their
cross sections. If the monochromatic cross sections of each
species i are not dependent on temperature or pressure,
which is an approximation appropriate for the upper atmo-
sphere, then the optical depth tl can be expressed

tl zð Þ ¼ 1

m

X

Ngases

i¼1

si;l
Z zTOA

z

ni z
0ð Þdz0 ð2Þ

and the only variation with altitude is due to the column
amounts of the different absorbers. This idea, used
previously in UV heating calculations for the terrestrial
atmosphere (see, for example, Zhao and Turco [1997, and

Figure 1. (left) Temperature (solid) and pressure (dashed) and (right) relative abundances of some key
compounds for the reference atmosphere. See text for more details.
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Middle  atmosphere  
energy  balance:

• Absorption  in  the  
CO2 near-­‐IR  bands
• Absorption  and  

emission  in  the  
CO2 15-­‐µm  band

• Absorption  and  
scattering  by  dust
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1987], as w
ell as recent MG

S Accelerom
eter Experim

ent 
data [Keating et al., 1998a]. 

Figure 6 displays Mars reference pressure level heights 
as a function of M

ars season (Ls), solar zenith angle 
(SZA) (0ø-60ø), and SM

AX (top curve), SM
O

D (m
id- 

dle curve) and SM
IN (bottom

 curve) fluxes. The sim
u- 

lated M
TG

CM
 

curves all show
 a general seasonal trend 

(aphelion to perihelion) consistent with the observed 
rise of the height of this reference pressure level by 
about -•15 km

 [Stew
art, 1987; Bougher et al., 1997a]. 

M
ost of the therm

ospheric data points follow
 this gen- 

eral seasonal trend (independent of dust), albeit w
ith a 

slight height offset of as m
uch as -•2-4 km

. 
This dis- 

crepancy reflects the background dust contribution of 
the low

er atm
osphere to the 1.26-nbar (therm

ospheric) 
heights. 

The im
plication is that the M

ars low
er at- 

m
osphere is subject to "background" aerosol heating 

throughout the M
artian year; the upper atm

osphere 
responds w

ith a corresponding inflation of the height 
scale. Furtherm

ore, tw
o data points (VL1 and M

9N) 
illustrate significant m

odulation of the 1.26-nbar height 
from

 "nondusty" conditions. VL1 descent data illus- 
trate a stong w

ave control of the therm
ospheric profile 

[Seiff and Kirk, 1977]. Furtherm
ore, the Viking F1 peak 

height w
as found to be near 130 km

, -•10 km
 higher 

than expected for this season [Hanson et al., 1977; Stew
- 

art, 1987]. M
9N data w

ere taken during a global dust 
storm

 that raged for nearly 4 m
onths and strongly im

- 
pacted therm

ospheric 
densities and tem

peratures [Stew
- 

art et al., 1972, 1992]. Clearly, the best com
parisons of 

M
TG

CM
 

sim
ulations and spacecraft data m

ust account 
for the relative height of the 1.26-nbar level correspond- 
ing to specific observations and dust opacities. The non- 
dusty sim

ulations of this paper provide a benchm
ark 

for such further studies (see section 5.2). Finally, the 
changing solar fluxes (SM

IN to SM
AX) appear to have 

little im
pact on the height of the 1.26-nbar level. This 

confirm
s that the atm

osphere below
 1.26-nbar is largely 

driven by solar near infrared (NIR) heating, having no 
solar cycle dependence [Bougher et al., 1990]. 

3.2. 
TIE-G

CM
 

Solar 
M

inim
um

 
to 

M
axim

um
 

How
 im

portant is the Earth's orbital eccentricity 
in im

pacting therm
ospheric tem

peratures, w
inds, and 

com
position? How

 does this orbital forcing m
odify ther- 

m
ospheric responses due to solar flux variations over 

the 11-year cycle? Figures 7a and 7b com
pare differ- 

ences in exobase tem
peratures for TIE-G

CM
 

sim
ula- 

tions w
ith and w

ithout the changing orbital eccentric- 
ity. 

Here, raw
 tem

perature differences are calculated 
by subtracting the "eccentricity neglected" values from

 
the corresponding "eccentricity included" values. De- 
cem

ber (Figure 7a) and June (Figure 7b) solstices are 
plotted, both for SM

AX fluxes (F10.7 - 200), in order 
to isolate 

the orbital 
effects. 

Notice 
that 

m
idafternoon 

low
 latitude to m

idlatitude (+40 ø) tem
peratures vary 

by +36 to +41 K for Decem
ber (w

arm
er for perihelion), 

Bougher et  al.  (2000)
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Figure 18. The [O]/[CO2] ratios for each of the eight DDs. DD = Deep Dip.

The temperatures derived from the CO+
2 UVD scale heights vary between

153 and 400 K, with a mean of 270 ± 5 K, which agrees well with those
derived from the CO Cameron band. NGIMS has observed temperature
extremes above 400 K, consistent with the warmest SPICAM dayglow
results.

Using similar methodology, CO Cameron and CO+
2 UVD scale heights have

been measured by IUVS aboard MAVEN. Jain et al. (2015) calculate scale
heights in the 150- to 180-km region of the atmosphere for two periods in
2014 and 2015, encompassing MAVEN orbits 109 to 128 and 1160 to 1305
(with a gap from orbit 1221 to orbit 1276), respectively. For these two bins,
Jain et al. (2015) find the mean CO+

2 UVD scale heights to be 16.2 ± 0.1 and
14 ± 0.1 km, corresponding to temperatures of 300 ± 2 and 250.6 ± 1.7 K,
respectively, with standard deviations of 29 K for both bins, which repre-
sents variability rather than measurement error. NGIMS and IUVS do not
measure the same region of the atmosphere during these time periods
since IUVS probes the atmosphere some distance away from the space-
craft. Further, NGIMS does not sample all the way down to 150 km early
in the MAVEN mission (see Figure 1). However, the measurements from

NGIMS and IUVS do sample the same solar and seasonal conditions. Over 17 orbits between 109 and 128
(the first period analyzed by Jain et al., 2015), we obtain an average temperature below 180 km of 288.1 K
with a standard deviation of 45.2 K, indicative of large variability. Over 53 orbits between 1160 and 1220 and
between 1277 and 1305 (the second period analyzed by Jain et al., 2015), we obtain an average temperature
below 180 km of 253.6 K with a standard deviation of 47 K. Thus, the temperatures we derive from NGIMS
measurements are in good agreement with IUVS CO+

2 and CO Cameron band scale height temperatures from
the same time period.
3.4.5. MENCA Measurements
The MENCA quadrupole mass spectrometer onboard MOM directly sampled the Martian upper atmosphere
over the course of four orbits in December 2014. During this time period, the spacecraft reached altitudes
down to about 260 km at periapsis. Bhardwaj et al. (2016) estimate atmospheric scale heights of MENCAmea-
surements in the m∕z = 44, 28, and 16 channels to derive exospheric temperatures at local times between

Figure 19. Comparison of modeled temperature profiles with NGIMS data.
The model temperature profiles for equatorial latitudes at 12 p.m. (red lines)
and 12 a.m. (blue lines) compared to DD2 (red +) and DD6 (blue +) NGIMS
temperature profiles. The solid lines are for models calculated with the
nominal O-CO2 collisional deexcitation rate of k = 3 × 10−12 cm−3 s−1, the
dotted lines for k = 6 × 10−12 cm−3 s−1, and the dashed lines for
k = 1.5 × 10−12 cm−3 s−1. The shaded regions represent 1 ! variabilities of
the NGIMS temperatures. NGIMS = Neutral Gas and Ion Mass Spectrometer;
DD = Deep Dip.

5 p.m. and 6:30 p.m. and Ls between 255 and 262∘ (near perihelion). Bhard-
waj et al. (2016) observe a temperature range of 243–287 K, with a mean
of 271±5 K, over the three channels and all four orbits. This mean temper-
ature is warmer than the Tiso of 232 ± 10 K we calculate for DD1, which was
executed at a local time of 6 p.m. at Ls = 291∘. DD1 was executed during a
period which was further from perihelion than the MENCA measurements,
which could explain why the exospheric temperatures from MENCA are
warmer. Bhardwaj et al. (2017) identified and analyzed some anomalous
thermal profiles high in the thermosphere using a combination of MENCA
and NGIMS data. We have not carried out a thorough investigation of this
structure and so do not address it here.
3.5. Model Comparisons
The temperature distributions described in the previous sections are
broadly in accord with expectations based on solar UV and near IR heating,
thermal conduction, and radiative cooling, the primary drivers of the ther-
mal structure of the Martian upper atmosphere that have been thoroughly
described in the literature (Bougher et al., 1994, 2000, 2006, 2009; Bougher,
Cravens, et al., 2015; Bougher, Engel, et al., 1999). To demonstrate this, we
have constructed time-dependent 1-D models for the thermal structure of
the upper atmosphere. Although these models neglect dynamical redistri-
bution of heat, they compare surprisingly well with the data. This compar-
ison can be used to investigate some characteristics of the redistribution
of heat by dynamics.

STONE ET AL. 2860

From  Stone  et  al.  
(2018)

Note  that  the  expected  
solar  cycle  and  seasonal  
variation  in  dayside  

exospheric  temperature  
is  about  150  K  (Bougher

et  al.  2015a).



Journal of Geophysical Research: Planets 10.1029/2018JE005559

Figure 15. Temperature (in color) binned as a function of CO2 density
(vertical axis) and local time (horizontal axis). White bins signify no data.
Measurements are constrained to latitudes between 60∘N and 60∘S.

isothermal over the entire vertical region sampled by NGIMS. For example,
during DD6, the temperature increases from 92 ± 16 K at periapsis to just
122 ± 34 K near a CO2 density of 107 cm−3.

There is wide variation among and within the four dayside DDs 1, 2, 4, and
8, which were executed around 6 p.m., 12 p.m., 4 p.m., and 2 p.m. local
time, respectively. DDs 8, 4, and 1, in that order, show a gradual increase in
temperature of about 38 ± 12 K from 2 p.m. to 6 p.m. in the midlatitudes,
though the relatively high solar EUV irradiance during DD1 must be taken
into account. The two warmest DDs, 1 and 2, occurred shortly after peri-
helion (Ls = 251∘), which helps to explain why DD1, executed at 43∘N in
northern winter, is warmer than DD4, which was executed at 64∘S in south-
ern autumn. The mean daily EUV irradiance short of 90 nm for DD4 is just
63% of that for DD1 (Table 1). DD7, executed around 8 p.m. local time, is
the only DD to occur in the late evening hours. Further, mean daily EUV
irradiance during DD7 is 46% of that of DD1, which was executed around
6 p.m. local time. As a result, the DD7 temperature profile is intermediate
between those of the warmer dayside DDs and the cooler nightside DDs.

The characteristic thermospheric temperature gradient is well character-
ized in the warmer DD temperature profiles. The thermospheric gradient can only be fully observed in NGIMS
DD profiles since MAVEN does not descend low enough into the thermosphere on nominal orbits to com-
pletely traverse this critical region. The observed rise in temperature with altitude in the lower thermosphere
(at CO2 densities greater than ∼109 cm−3) is a result of the fact that this region is optically thick to most solar
EUV radiation, which is thus absorbed leading to a rise in temperature. Between periapsis and a CO2 density of
109 cm−3, the thermospheric gradients for the warmer DDs (in order of increasing isothermal temperature) 7,
8, 4, 1, and 2 are 1.33 ± 0.16, 2.18 ± 0.21, 2.49 ± 0.19, 1.72 ± 0.10, and 2.69 ± 0.33 K km−1, respectively. Near
the mesopause, at CO2 densities of 4 to 5 × 1011 cm−3, the mean temperatures of all eight DDs are constrained
between 92 ± 16 K (DD6) and 137 ± 23 K (DD2).
3.2. Exospheric Temperature Variations
Figure 15 shows the diurnal variation of the temperature in the upper atmosphere of Mars between CO2 den-
sities of 1010 and 106 cm−3. The temperatures represent the average in a given local time and altitude bin over
measurements for any longitude, Ls, and latitude between 60∘N and 60∘S. From these data, it can be seen that
the thermosphere begins to warm at 5 a.m. and quickly reaches temperatures over 200 K. A peak tempera-
ture of 249 ± 11 K is reached around 3 p.m. at a CO2 density of 107 cm−3. The atmosphere then rapidly cools
to 159 ± 43 K by 11 p.m. at the same density level, dropping below 100 K close to the mesopause.

Figure 16. Temperature as a function of Martian local time at two constant CO2 density levels: 106 cm−3 (red) and
109 cm−3 (blue). Measurements are constrained to latitudes between 60∘N and 60∘S. The shaded regions represent 1 !
variabilities.

STONE ET AL. 2854From  Stone  et  al.  (2018)



Symmetric  stretch  mode  (n1):
1388  cm-­‐1 (7.2  µm)

and  a  degenerate  bending  mode  (n2):  
667  cm-­‐1 (15  µm)

Antisymmetric  stretch  mode  (n3):  
2349  cm-­‐1 (4.26  µm)

and  a  degenerate  bending  mode  (n2):  
667  cm-­‐1 (15  µm)
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temperatures with solar activity is not linear. 

EUV HEATING EFFICIENCIES 

Fig. 3. Heating rates as a function of altitude for various photochemical processes. The curve labeled 
“0: DR” represents heating due to dissociative recombination of 0:. “ Quenching” is the heating due to 
quenching of metastable species, such as O(‘O) and 0( “S). Th e curve labeled “chemical reactions” is the 
heating due to all other reactions. Further explanation can be found in the analogous calculation for Venus 
17,‘. The calculations were based on the neutral model of Fox/17,cf.3/, which is based on Viking 1 neutral 
mass spectrometer measurements/l/, rather than the MTGCM model used in the ionospheric calculations 
shown here. 

In Figure 3 we present altitude profiles of the heating rates for a low solar activity model of the Martian 
thermosphere based on Viking 1 conditions/l,3/. The heating rates in this model were computed with the 
same assumptions about the energy loss to vibrational excitation in various photochemical processes as those 
in the standard Venus thermospheric model of Fox /7/. The major source of heat above about 120 km is 
dissociative recombination of 0: , and below that altitude, photodissociation and quenching of metastable 
species are comparable. Heating due to other chemical reactions and electron impact dissociation are less 
important. 

The resulting heating efficiencies are shown in Figure 4. Curve A in this figure is based on the standard 
model, and curve B is a lower limit, based on extreme but not unreasonable assumptions about the fraction 
of energy that appears as vibrational excitation in the various photochemical processes. A more complete 
explanation can be found in /7/. The heating efficiencies are altitude dependent, but the “best guess” profile 
is about 214~2% from 100 to 260 km. The lower limit value varies from 16 to 20% over the same altitude 
range. Thus the heating efficiencies employed in the MTGCM are on the low side of those predicted here. 

Although the neutral model used in these peculations was constructed to mimic Viking 1 me~ureme~ts~ 
and is different from the those employed here in the ion calculations, the results are not expected to be 
significantly model-dependent. The only important solar activity effect in the heating efficiencies, other 
than the details of the altitude variation, is due to the variation in 0 mixing ratio with changes in the solar 
flux. Larger 0 densities increase the ratio of O$ to CO$ due to the reaction 

co~+o-+o:+co (1) 

In dissociative r~ombination of CO; more energy is radiated away in the production of the excited fragment 
CO than in the dissociative recombination of O:, which produces two 0 atoms. Many of these 0 atoms 
are likely to be formed in the excited O(‘D) or O(lS) states, for which a relatively larger fraction of the 

Heating  rates  from  Fox  (1996).    The  EUV/UV  heating  efficiency  is  about  20%.
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Figure 22. Energy balance terms for (top) noon and (bottom) midnight
conditions from our 1-D model. The legend in the bottom panel refers to
both panels.

This indicates that the model accurately captures the thermal time con-
stants in the thermosphere. The nighttime temperatures in the model are
cooler than the observations, which are shown in Figure 15. Figure 19
shows that the model temperature near midnight is close to isothermal,
while the observed profile displays a temperature rise of ∼20 K. Figure 21
shows that the exospheric temperature in the model reaches 100 K, the
lower boundary temperature, near midnight and stays at this level until
6 a.m., while the minimum observed exospheric temperature is ∼120 K.
This difference is likely due to the neglect of dynamics in the 1-D mod-
els. Our results indicate that the dynamical redistribution of heat in the
thermosphere is modest. A temperature rise of 20 K in the nightside ther-
mosphere requires that 10% to 15% of the solar energy deposited on the
dayside is transported to the nightside. This would have only a minor effect
on dayside temperature and is, for example, of the same order as the tem-
perature difference due to the uncertainty in the solar heating efficiency
(Fox et al., 1996). In contrast, the Mars Thermospheric Global Circulation
Model predicts ∼30% of energy deposited on the dayside is carried away
by horizontal advection (Bougher et al., 2009).

Figure 22 shows the terms in the full energy balance equation for noon
and midnight conditions. Near noon, solar UV heating is balanced pri-
marily by thermal conduction at high altitudes (CO2 densities less than
1010 cm−3) and CO2 radiative cooling at low altitudes (CO2 densities greater
than 1010 cm−3). The peak in the CO2 radiative cooling rate is produced
by the combination of a decreasing collision rate with altitude and an
increasing O mole fraction. The heating and cooling terms do not balance
in this time-dependent calculation and, in fact, the time derivative of tem-
perature term is comparable to, though somewhat smaller than, the solar
heating rate.

We can gain some insight into the phase shift between the peak solar inso-
lation and peak temperature by employing some simplifying, but severe,
approximations. The time-dependent energy balance equation can be
written as

!cp
"T
"t

= QUV − QIR +
"
"z

# "T
"z

, (11)

where ! is the mass density, cp the specific heat at constant pressure, QUV the solar UV heating rate, QIR the
radiative cooling rate, and # the thermal conduction coefficient. To estimate the thermal time constant, we
will assume that QIR ∼ 0 in the region of interest and that

QUV = Q∘ exp (iΩt) , (12)

where Ω is the planetary rotation frequency. We also define

T = T∘ + ΔT exp (iΩt) . (13)

Substitution of equations (12) and (13) into equation (11) gives
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We now approximate
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From  Stone  et  al.  (2018)
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Figure 22. Energy balance terms for (top) noon and (bottom) midnight
conditions from our 1-D model. The legend in the bottom panel refers to
both panels.
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Figure 22. Energy balance terms for (top) noon and (bottom) midnight
conditions from our 1-D model. The legend in the bottom panel refers to
both panels.
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Fig. 19 VTGCM slice (70–180 km) near the equator for neutral temperatures (K) (altitude vs. LT). Solar
minimum conditions (F10.7 ∼ 70 at Earth) are utilized (from Bougher et al. 2013)

Fig. 20 VTGCM heating and cooling rates (K/day) for solar minimum conditions at SZA ∼0° (on the
equator at noon) (from Brecht and Bougher 2012)

These panels clearly indicate that symmetric (SS-AS only) winds have equal (but opposite
signed) magnitudes at the ET and MT locations, while asymmetric (SS-AS + RSZ) winds
do not. The difference between these two components is plotted in the last panel, illustrating

The  CO2 thermostat  is  less  efficient  on  Mars,  probably  
because  the  Martian  O/CO2 density  ratio  is  smaller  

(Garcia  Munoz  et  al.  2017).



Results  from  the  Mars  Climate  Database  (MCD):  
http://www-­‐mars.lmd.jussieu.fr/mcd_python/

LS =  90o

LST  =  Noon
Equator



SZA near 44° at low-to-middle latitude for two
afternoon locations during solar minimum and
near aphelion conditions. The total mass density
of theMars thermosphere has also beenmeasured
by several spacecraft accelerometers (5, 8, 9).
TheMAVENNGIMS instrumentmeasures the

neutral composition of themajor gas species (such
as He, N, O, CO, N2, O2, NO, Ar, and CO2) and
their major isotopes, with a vertical resolution of
~5 km for targeted species and a target accuracy
of <25% for most of these species (10). Corre-
sponding temperatures can be derived from the
neutral-scale heights. These multispecies mea-
surements are obtained along an orbit trajectory
that combines both vertical and horizontal vari-
ations of the upper atmosphere structure (1).
These convolved variations cannot be separated
without the use of numerical models.
Four key neutral species are presented (CO2,

Ar, N2, and O) for the inbound leg (Fig. 2). The
NGIMS and Mars Global Ionosphere-Thermo-
sphereModel (M-GITM)–simulated CO2, N2, and
Ar density profiles match reasonably well through-
out the altitude range (supplementary text S1)
(9). For example, in the range of 160 to 220 km,
M-GITM diurnal variations of CO2 encompass
NGIMSdensities quitewell,whereas below 160km,
M-GITM underestimates NGIMS CO2 densities
(up to a factor of ~2 at 130 km). Bothmodels and
observations show an exponential variation of
density with altitude. The scale heights of these
species are different at higher altitudes, withmost
of them (CO2, Ar, and N2) showing a common
scale height as 130 km is approached. This is
consistent with a homopause near 130 km, but
quantitative confirmation of the precise homo-
pause altitude cannot be seen in this figure. Atom-
ic O scale heights do not follow this pattern of
transitioning scale heights because local chemical
production and loss processes are important (3).
These multispecies, subsolar, neutral-atmosphere
measurements capture near-homopause (~130 km)
to exosphere (above ~200 km) structure together
on the same orbit.
The atomicO density profiles fromNGIMS (Fig.

2) constrain the ion-neutral chemistry, thermal
heat budget, and dynamics of the Mars dayside
upper atmosphere (1). NGIMS-measured O den-
sities have been corrected for (i) open-source
neutral beaming (OSNB) retrieval, (ii) contribu-
tions from CO2 at lower altitudes, and (iii) “pile
up”RAMdirection enhancement of densities when
approaching periapsis altitudes, with largest cor-
rections present for the higher densities during
Deep Dip orbits. Atomic O densities are deter-
mined to be reliable (within the ~25% error)
down to ~150 km. Comparison of measured and
simulated DD2 atomic O profiles shows reason-
able agreement at all altitudes, with densities at
~200 km close to ~5.0 × 107 to 6.0 × 107 cm−3

.

These NGIMS-measured O densities are nearly a
factor of ~5 larger than corresponding Mars Ex-
press (MEx)/Spectroscopy for Investigation of Char-
acteristics of the Atmosphere of Mars (SPICAM)
estimates derived via remote sensing (11). The dif-
ferences in the seasonal (equinox versus aphelion)
and solar cycle (solar moderate versus minimum)
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Fig. 1. MAVEN Deep Dip 2 orbital geometry. MAVEN spacecraft “along-track” latitude versus local
time coverage of DD2 sampling below 500 km is illustrated (NGIMS measurements are limited to this
altitude range). Beginning (O1060) and ending (O1086) orbit information is provided, capturing both
inbound and outbound legs, plus the periapsis location (triangles). The 500 and 300 km points on each
leg are also delineated by black tick marks. The start of each inbound leg is identified (yellow dots).
Specific orbits selected for detailed investigation (O1085 and O1086) fall in between these bounding
orbits. SZA is also indicated along these orbit trajectories.
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Fig. 2. Neutral density environment near periapsis during the subsolar DD2 campaign. These
altitude profiles are provided over ~130 to 250 km specifically for a single orbit (O1086) from 22 April
2015 (supplementary text S2). Four key neutral species are plotted (CO2, Ar, N2, and O) for the inbound
leg (hashed curves). Simulated subsolar density profiles from the M-GITM, calculated at the location of
the spacecraft along its orbit for the solar moderate case (Equinox), are overplotted (solid curves) for
comparison (supplementary text S1).The plotted NGIMS densities have been processed by using a 20-s
polynomial time-averaging technique so as to remove high-frequency, small-scale variations (supple-
mentary text S3). Calculated NGIMS error bars are included in each profile (supplementary text S4). In
addition, 1-[s] variance bars are added to the 1-SOL averaged M-GITM CO2 densities in order to illustrate
their expected diurnal variation.
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