
Structure and dynamics of the Martian lower and middle
atmosphere as observed by the Mars Climate Sounder:
2. Implications of the thermal structure and aerosol
distributions for the mean meridional circulation

N. G. Heavens,1,2 D. J. McCleese,3 M. I. Richardson,4 D. M. Kass,3 A. Kleinböhl,3

and J. T. Schofield3

Received 13 August 2010; revised 11 November 2010; accepted 29 November 2010; published 28 January 2011.

[1] Retrievals of temperature, dust, and water ice from data collected by the Mars Climate
Sounder (MCS) on Mars Reconnaissance Orbiter (MRO) illustrate for the first time the
seasonal and diurnal variability of both the thermal structure of the middle atmosphere
(above 40 km) and also the vertical distribution of aerosols. These retrievals reveal clear
signatures of significant mean meridional cells in the middle and lower atmosphere at both
the solstices and equinoxes. We investigate the degree to which the lower and middle
atmospheric circulations are kinematically coupled and conclude that kinematic coupling is
strong in the tropics throughout the year but weak near the pole except during the “polar
warming” events associated with dust storm activity.

Citation: Heavens, N. G., D. J. McCleese, M. I. Richardson, D. M. Kass, A. Kleinböhl, and J. T. Schofield (2011), Structure and
dynamics of the Martian lower and middle atmosphere as observed by the Mars Climate Sounder: 2. Implications of the thermal
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1. Introduction

[2] The atmosphere of Mars is conventionally divided into
three broad layers with quantitatively indistinct but qualita-
tively defined boundaries: the lower atmosphere, the middle
atmosphere, and the upper atmosphere. In the classification
scheme expounded by Zurek [1992], lapse rates are strongly
positive (1–4.5 K km−1) in the lower atmosphere due to the
vertical transport of heat from the surface by radiation, con-
duction, and advection; are weakly positive or isothermal in
the middle atmosphere due to infrared cooling of CO2; and
become negative (<−1 K km−1) at the base of the upper
atmosphere (∼100 km above the surface) due to molecular
conduction of heat downward from the layer strongly
absorbing solar extreme ultraviolet (EUV) radiation. (“Lapse
rate” refers here to the rate of decrease of atmospheric tem-
perature with height.) Zurek [1992] argues that the boundary
between the lower and the middle atmosphere is necessarily
indistinct, because the extent of strongly positive lapse rates is
dependent on the vertical distribution of dust, which varies
widely both seasonally and interannually, but places the

average height of the boundary at ∼45 km above the surface
and at an atmospheric pressure of ∼10 Pa. In addition, the
momentum budgets of these two layers may differ consid-
erably. The lower atmosphere’s momentum budget may be
strongly dominated by interactions with the surface and
baroclinic waves just like the Earth’s troposphere, while the
middle atmosphere’s momentum budget may be dominated
by the dissipation of gravity waves and tides just like the
Earth’s mesosphere [e.g., Barnes, 1991].
[3] The thermal structure of the lower atmosphere has been

measured systematically over several Martian years by a
combination of infrared nadir sounding by instruments such
as the Viking Infrared Thermal Mapper (IRTM) [Clancy
et al., 2000] and the Thermal Emission Spectrometer (TES)
on Mars Global Surveyor (MGS) [Smith et al., 2001] and
radio occultation measurements by the Radio Science
Experiment on MGS [Hinson et al., 1999]. The thermal
structure of the upper atmosphere has been measured using
accelerometer data from orbiting spacecraft [e.g., Bougher
et al., 1999] and observations of ultraviolet light from stars
occulted by the atmosphere [Forget et al., 2009]. Yet until
recently, information about the thermal structure and circu-
lation of the middle atmosphere were limited to ground‐based
microwave observations [e.g., Deming et al., 1986] and a
limited number of retrievals from infrared limb observations
by TES.
[4] New observations by theMars Climate Sounder (MCS)

[McCleese et al., 2007] on Mars Reconnaissance Orbiter
(MRO) [Zurek and Smrekar, 2007] are now providing infor-
mation about the thermal structure of Mars over both the
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lower atmosphere and middle atmosphere, and at higher
spatial and temporal resolution than previously available. In
addition, observations from MCS have been used to retrieve
vertical profiles of aerosol, which help to constrain the lower
atmospheric circulation and the forcing of the circulation by
radiative heating/cooling due to dust and water ice.
[5] Among other uses, MCS retrievals can validate

numerical models of the Martian atmosphere and iden-
tify atmospheric processes that may explain discrepancies
encountered in validation. While numerical models of the
Earth’s atmosphere for climate studies andweather prediction
typically have vertical domains that stop in the middle of the
stratosphere, numerical models used for climate studies and
planning for the descent of spacecraft to the Martian surface
require vertical domains similar to that of MCS.
[6] It has been observed that during some regional Martian

dust storms, atmospheric temperatures at approximately 15
to 35 km above the winter northern pole dramatically warm
over the course of a few Martian days by up to 80 K [Jakosky
and Martin, 1987]. While warming at midlatitudes can be
explained by direct solar heating of dust advected from the
southern hemisphere or the northern tropics, the warming
within the polar night cannot be due to the absorption of solar
radiation. Instead, it has been attributed to adiabatic heating
from strong downwelling over the pole, in particular down-
welling of the principal meridional overturning cell (PMOC)
[Haberle et al., 1982; Schneider, 1983;Haberle et al., 1993].
[7] When the first wave‐resolving, three‐dimensional

model of the Martian general circulation was developed in
the early 1990s [Haberle et al., 1993], it could not simulate
dust storm polar warmings, since the downwelling of the
simulated PMOC never penetrated further than 65° to 70°N,
whichHaberle et al. [1993] attributed to insufficiently strong
eddy transport of heat and momentum. Wilson [1997] suc-
cessfully simulated a dust storm polar warming with a Mars
general circulation model (GCM) by using a deeper vertical
domain than used by Haberle et al. [1993] and by resolving
the atmospheric thermal tides. The deep vertical domain
reduced the sensitivity of the simulation to dissipation at the
model top and vertically resolved the PMOC and the atmo-
spheric thermal tides during the dust storm. The atmospheric
thermal tides transported sufficient angular momentum to
drive the PMOC downwelling closer to the north pole. The
resulting circulation strongly upwelled at the surface near
the south pole, vigorously crossed the equator at altitudes as
high as 70 km above the surface, strongly downwelled near
the north pole, and returned toward the south pole near the
surface, forming a “pole‐to‐pole” PMOC first proposed by
Schneider [1983]. Other GCM simulations by Forget et al.
[1999] and Kuroda et al. [2009] differ from that of Wilson
[1997] with respect to the atmospheric dust levels or wave
forcings necessary to produce a polar warming event, but
both simulations produce latitudinally broad and vertically
deep mean meridional circulations. Thus, in order to ensure
that such a cell can be vertically resolved, current Martian
GCMs [e.g.,Wilson and Hamilton, 1996; Forget et al., 1999;
Takahashi et al., 2003; Moudden and McConnell, 2005;
Angelats i Coll et al., 2005; Hartogh et al., 2005; Kuroda
et al., 2005; Kahre et al., 2006; Richardson et al., 2007]
generally simulate both the lower and middle atmosphere.
[8] Dust storm polar warmings are exceptional events,

so it is not likely that the PMOC regularly extends to 70 km

above the surface. However, observations by TES and MCS
[McCleese et al., 2008] and modeling by Forget et al. [1999],
Kuroda et al. [2005], and Hartogh et al. [2007] (among
others) suggest that there may be weaker polar thermal
inversions in the middle atmosphere outside of dust storm
conditions.
[9] The underlying dynamics of these inversions are

murky. McCleese et al. [2008] claim that an inversion in the
middle atmosphere near the south pole during its winter is
“consistent with the behavior of a Hadley circulation in which
the polar warming is the result of compressional heating in
the descending branch of the mean meridional overturning
circulation” and thus imply that the PMOC penetrates to high
altitudes above the southern winter pole, much like in a dust
storm polar warming. Yet the weakness of the southern winter
polar inversion relative to the dust storm polar warmings is
never explained.
[10] McCleese et al. [2008] also propose that models gen-

erally underestimate the magnitude of southern winter polar
inversion. They attribute this underestimate to errors in the
simulated tidal/gravity wave dissipation, which are poten-
tially coupled to errors in the vertical distribution of aerosols.
Hartogh et al. [2007], however, do simulate a polar inversion
comparable to that observed byMcCleese et al. [2008], which
results from a complex mean meridional circulation in which
the PMOC is split into two (or more) branches; one branch
upwells strongly at ∼15 km above the surface in the northern
tropics and downwells at ∼50°S, while the other branch up-
wells strongly at ∼50 km above the surface and downwells at
the south pole. Hartogh et al. [2007] suggest that the lower
branch is the classical Hadley circulation and the upper
branch is a wave‐driven circulation comparable to those in
Earth’s stratosphere and mesosphere. Hartogh et al. [2007]
present their results in terms of a residual meridional circu-
lation (“the transformed Eulerian mean”) [Andrews and
McIntyre, 1976], which has proven more useful for under-
standing meridional transport of constituents than the con-
ventional Eulerian mean presented in most modeling papers
that focus on the Martian general circulation and is related to
diabatic heating and cooling within the atmosphere [Holton,
2004]. Yet note that since the middle atmospheric aerosol
forcing in the simulations of Hartogh et al. [2007] is small,
the diabatic heating and cooling (mainly through re‐radiation
by CO2 of surface emission) implied by the upwelling
and downwelling of the upper branch is inherently supported
by mechanically driven adiabatic heating and cooling,
just as shown in the Eulerian mean analyses of other GCM
simulations.
[11] In Earth’s atmosphere, an analogous connection

between the mean meridional circulation of the troposphere
and the mesosphere is generally inhibited by the high stability
of the stratosphere. However, certain types of waves, partic-
ularly gravity waves, can be transmitted between the tropo-
sphere and mesosphere. Interaction between the circulations
of the different layers of the atmosphere by means of waves is
generally called “dynamic coupling” [e.g., Miyahara et al.,
1993]. Simulations such as Wilson [1997] and Hartogh
et al. [2007] and validating observations from instruments
such as MCS suggest that coupling between the mean flow
of the lower and middle atmosphere is possible on Mars.
We will call this phenomenon, “kinematic coupling.”
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[12] In the companion paper, McCleese et al. [2010] pres-
ent the seasonal cycle of the thermal structure and aerosol
distribution during Mars Year (MY) 29 (according to the
convention of Clancy et al. [2000]), a year without a global
dust storm. In this study, we treat these observations (within
their uncertainties) as partial output from the perfect numer-
ical model (the Martian surface/atmosphere system itself)
and use basic theoretical results from atmospheric dynamics
and the results of past modeling experiments to infer the
“missing” output. Since the MCS retrievals are limited in
time‐of‐day coverage and repeat cycling, we will only use
this approach to explore the fundamental characteristics of
the mean meridional circulation from the surface to ∼80 km
(10−2–10−3 Pa) and consider the extent to which the mean
meridional circulations in the lower and middle atmosphere
are kinematically coupled throughout the entire Martian year.
In section 6, we briefly consider an alternative approach to the
assessment of kinematic coupling.

2. Data

2.1. Retrievals

[13] McCleese et al. [2007] describes the MCS instrument
and observing strategy. Kleinböhl et al. [2009a] describes
the first generation retrieval algorithm applied to MCS data.
Atmospheric retrievals from MCS observations provide ver-
tical profiles with respect to pressure, p (Pa), of tempera-
ture, T (K), dust opacity, i.e., the extinction per unit path
length (km−1) due to dust, dztdust at 463 cm−1, and water ice
opacity, dztH2Oice (km

−1) at 843 cm−1. Pressure is the intrinsic
vertical coordinate system for the MCS observations. The
retrievals used here were generated using a more advanced
retrieval algorithm than described byKleinböhl et al. [2009a],
which includes the effects of aerosol scattering in the radia-

tive transfer, as well as nadir and off‐nadir observations
during most of MY 29. These changes are described in a
presentation by Kleinböhl et al. [2009b] and by A. Kleinböhl
et al. (A single‐scattering approximation for infrared radiative
transfer in limb geometry in the Martian atmosphere, sub-
mitted to Journal of Quantitative Spectroscopy and Radiative
Transfer, 2011). We also make use of altitude information
derived from the geometric pointing of the instrument.

2.2. Zonal Averaging and Sampling

[14] To study the zonal average circulation of the planet,
the MCS retrievals and quantities derived from them (as
described in later in section 2) during Mars Year (MY) 29 are
averaged after being binned by Ls (5° resolution centered at
0°, 5° etc.); time of day: “dayside” (0900–2100 LST) and
“nightside” (2100–0900 LST); latitude (5° resolution); and
longitude (5.625° resolution). Latitude and longitude refer to
the coordinates at the tangent point of the limb path observed
by the center of the MCS detector array at ∼40 km above
the surface. Zonal averages are the average of the longitu-
dinal averages in all longitudinal bins containing successful
retrievals. All averages were made on pressure coordinates
but are plotted against the zonal average (on pressure coor-
dinates) altitude above the areoid of the retrievals, hereafter
referred to as the altitude.
[15] Figure 1 plots the population of retrievals in individual

latitudinal‐longitudinal bins in the Ls bins corresponding to
the equinoxes and solstices. The nightside at northern sum-
mer solstice is most densely sampled (closest to optimal given
ideal operation of the instrument, spacecraft, and retrieval
algorithm), while the dayside at northern spring equinox is
least densely sampled. Undersampling is usually attributable
one of two reasons: (1) operational: the instrument is powered
off (as was the case just before northern spring equinox of

Figure 1. Number of retrievals per latitudinal/longitudinal bin for the labeled time of day and Ls bins dur-
ing MY 29. The color scale is deepest red for 10 retrievals or more.
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MY 29), or the spacecraft is pointed significantly off nadir;
and (2) aerosol opacities are high, due to dust storms, or due
to tropical water ice clouds during northern spring and sum-
mer [Kleinböhl et al., 2009a].

2.3. Winds

[16] An estimate of the zonal gradient wind, U(p), is
derived from the zonal average of temperature by taking the
lowest pressure level with retrieved temperature data in each
latitudinal bin as a level of no motion, pLNM, and estimating
the thermal wind, Û (p):

Û pð Þ ¼
Zp

pLNM

Rd

f

dT

dy

� �
p

d ln p′ ð1Þ

where Rd is the specific gas constant, f is the Coriolis
parameter for the latitudinal bin, and

�
dT
dy

�
p is the temperature

gradient at constant pressure. To account for centrifugal force
balance and thus compute the gradient wind U(p), we itera-
tively apply equation (2) to convergence [Holton, 2004]:

Unþ1 pð Þ ¼ Un

1þ
ffiffiffiffiffiffi
U2

n

p
j f Rmj

ð2Þ

where RM is the radius of Mars. Equations (1) and (2) are only
appropriate for winds in approximate geostrophic balance
and so cannot be used for diagnosis of zonal winds in the
tropics due to the low magnitude of the Coriolis parameter.

2.4. Density‐Scaled Opacity

[17] We use the density‐scaled opacity as a proxy for
aerosol mass mixing ratio. This quantity is the quotient of
aerosol opacity and density (computed from the retrieved
temperature, pressure, and the ideal gas law). Heavens et al.
[2010b] show an example conversion of density‐scaled
opacity to mass mixing ratio and briefly describe the uncer-
tainties of this conversion.

3. Investigative Approach

3.1. Concerning Zonal Average Plots

[18] Zonal averages of temperature, zonal wind, and aero-
sol mass mixing ratio are often used in modeling studies [e.g.,
Richardson and Wilson, 2002] to illustrate aspects of the
simulated circulation, particularly the mean meridional cir-
culation. These studies typically report diurnal averages in
order to exclude much of the influence of Mars’s strong
diurnal radiative (hereafter called “thermal”) tide on the
presentation of the simulated fields. The diurnal variability in
the observed fields, however, provides useful insight into
issues such as diabatic heating by aerosols and so will be
considered here.
[19] In both the real atmosphere and numerical models,

zonal average distributions are the result of multiple, often
coupled processes with scales ranging from the global to the
microscale. In the case of a numerical model, the output can
be used both to diagnose the circulation and determine the
contributions of particular processes. Likewise, zonal avera-
ges of observed data can be used in combination with insights
from classical atmospheric dynamical theories primarily

developed for understanding the atmospheric circulation of
Earth [e.g., Holton, 2004] and an ensemble of radiative‐
convective models of the Martian atmosphere [e.g., Colburn
et al., 1989; Joshi et al., 1995; Haberle et al., 1997; Zalucha
et al., 2010] to develop conceptual models of the mean
meridional circulation throughout the lower and middle
atmospheres at the equinoxes and solstices. These obser-
vationally derived conceptual models can be compared with
the output from numerical models to identify aspects of the
circulation in the real atmosphere on which modeling
experiments should focus. Further improvement of our
understanding of the mean meridional circulation eventually
may rely upon the assimilation of temperature and aerosol
concentrations into a GCM [e.g., Houben, 1999; Lewis et al.,
2007;Wilson et al., 2008] or direct measurements of the wind
field. The first solution, however, can only be implemented
if the dominant processes in the atmosphere are well
represented by the baseline numerical simulations used in
assimilation.
[20] Since longitudinal sampling by MCS retrievals is

minimal in some seasons (Figure 1), the zonal averages pre-
sented in this study are not necessarily fully representative of
the real zonal mean. Zonal temperature averages based on
even a small number of longitudinal bins should be accurate
under most conditions: a consequence of the relative weak-
ness of eddies in comparison to planetary‐scale circulations
like the nonmigrating thermal tides [Zurek et al., 1992]. Dust
storm conditions may be an exception. Dust heating aloft
may occur faster than the planetary circulation can adjust,
while temperatures near the surface are suppressed relative
to less dusty areas. Another exception may be the northern
hemisphere during the winter, during which baroclinic eddy
amplitudes are known to be large [Barnes, 1980, 1981;
Wilson et al., 2002], but this region is better sampled longi-
tudinally. The zonal average aerosol distributions should be
interpreted cautiously, since they are averages of the dust and
water ice distributions over regions with successful retrievals
and thus may not include information from areas with high
aerosol opacity or unusual aerosol grain size. The high air
mass factor ofMCS limb observations a priori makes retrieval
success unlikely at high aerosol opacities, biasing the zonal
averages toward regions/vertical ranges with low dust/ice
opacities.

3.2. Qualitative Reconstruction of the Mean
Meridional Circulation

[21] We reconstruct the mean meridional circulation
qualitatively by making direct inferences from the zonal
average plots about upwelling, downwelling, and the strength
of meridional and vertical mixing. Those direct inferences
are supplemented with insights previously gleaned from
theory and modeling to construct conceptual models of the
mean meridional circulation appropriate to each season.
These conceptual models are necessarily tentative and are
intended to motivate future modeling investigations, process‐
focused analysis of observational data sets, or additional
measurements.
[22] Inferring upwelling and downwelling from the thermal

structure is primarily an assessment of departure from radi-
ative equilibrium temperatures. As air is forced to rise (sink)
in the atmosphere, it will cool (warm) adiabatically. There-
fore, in the absence of diabatic heating by absorption of
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visible and infrared radiation by aerosols or trace gas species
(at least those not included in radiative equilibrium models),
departure of temperatures from radiative equilibrium directly
indicates upwelling and downwelling driven by dynamical
processes.
[23] The vertical distribution of dust in Mars’s atmosphere

is a measure of the nonsurface radiative forcing of atmo-
spheric circulations on all scales and indicative of the mete-
orological systems that lift dust. (Studies of dust lifting,
transport, and radiative forcing are the subject of future
papers; the primary focus here is on the connection between
seasonal variability in the dust distribution and seasonal
variability in the circulation.) The global atmospheric cir-
culation also redistributes lifted dust, so dust can be a useful
tracer of the mean meridional overturning circulation, par-
ticularly in the lower atmosphere [Richardson and Wilson,
2002; Kahre et al., 2006]. Characteristic sedimentation
velocities are of the same magnitude as characteristic vertical
velocities of the planetary‐scale circulation, ∼10−2 ms−1, so
when dust is injected into the atmosphere, it will tend to rise
or remain stable in zones of mean upwelling but sink more
quickly by its own negative buoyancy in combination with
the large‐scale flow in zones of mean downwelling. Sedi-
mentation of Martian dust is sufficiently slow that it can be
advected thousands of kilometers from where it is lifted
[Murphy et al., 1993], making dust a tracer of both horizontal
and vertical flows on time scales shorter than its atmospheric
residence time. This method of inference is, however, com-
plicated by the dependence of the sedimentation velocity
on air density and particle size. The sedimentation velocity
increases with height, and so dust may not be fully distributed
through a region of positive vertical velocity. Other compli-
cations include the potential removal or obscuration of dust
by condensation of water ice or carbon dioxide ice.
[24] The vertical distribution of water ice in the atmosphere

constrains the vertical profile of water vapor and radiative
forcing by water ice. Water ice also can be a tracer of moist

air at temperatures sufficiently cold for saturation, and the
path of water vapor from its sources (mainly warming water
ice caps at the poles or subsurface ice deposits at high lati-
tudes), which is controlled in part by the mean meridional
circulation. In the simulations of Richardson et al. [2002], a
water ice maximum over the northern tropics originates from
water vapor coming from the northern pole during summer
near the surface, which then strongly upwells into colder
atmosphere at ∼150 Pa. Following this result, we will infer
that an area with high concentrations of water ice spanning a
strong vertical temperature gradient is a zone of upwelling.
Such an inference can be complicated by variations in
available condensation nuclei and advection, diffusion, and
sedimentation of water ice. Hinson and Wilson [2004] and
Lee et al. [2009], however, point out that if there is tidal
control of the water ice distribution, the effects of advection,
diffusion, and sedimentation can be mostly neglected.

4. Equinoxes

4.1. Description

[25] The thermal structure at northern spring equinox
(Figures 2a–2b) is effectively mirror symmetric about the
equator. The principal exceptions to this symmetry are the
temperature minima near the poles. (We call these minima
“polar vortices,” though vorticity is not diagnosed here,
because modeling and observations of aeolian features sug-
gest they correspond to circulations similar to Earth’s polar
vortices [e.g., French and Gierasch, 1979].) The winter‐
leaving north polar vortex extends from the remnant cold
surface to ∼35 km. The surface and lower atmosphere
are warmer in the south, and so confine the southern polar
vortex to a narrower altitude range. At northern fall equinox
(Figures 2c–2d), the thermal structure is very similar to the
northern spring equinox, except that the high latitudes at
∼50 km and the tropics at ∼30 km are warmer. The estimated
zonal wind distribution at both equinoxes consists of two

Figure 2. (a–d) Zonal average temperature (K) during MY 29 for the labeled time of day and Ls bins dur-
ing MY 29. (e–h) Estimated zonal wind velocity (ms−1) for the labeled time of day and Ls bins during MY
29. Contours are every 10 ms−1.
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zonal jets in the midlatitudes. At northern spring equinox, the
maxima of these jets are centered at 35–45 km (Figures 2e–
2f). These maxima are somewhat higher in magnitude
and broader in vertical extent at northern fall equinox
(Figures 2g–2h).
[26] The dust distributions at both equinoxes are relatively

symmetric about the equator. Dust density‐scaled opacity is
higher and dust penetrates to higher altitudes near the equator
(Figures 3a–3d) than at the poles. Dust density‐scaled opacity
also appears to be higher in the tropical atmosphere at
northern fall equinox than at northern spring equinox.
[27] The water ice distributions at both equinoxes differ

between day and night due to the influence of the thermal
tides [Lee et al., 2009]. The clearest difference appears on the
nightside, where the layer of water ice on the tropics between
45 km and 60 km is up to an order of magnitude higher in
density‐scaled opacity at northern fall equinox than northern
spring equinox (Figures 3e and 3g). On the dayside, the layer
of water ice on the tropics at ∼35 km is higher in density‐
scaled opacity at northern spring equinox than northern fall
equinox (Figures 3f and 3h). Thus, while there are some
second‐order differences, the thermal structure and aerosol
distributions at both equinoxes are sufficiently similar that
their qualitative mean meridional circulations will be effec-
tively interchangeable.

4.2. Diagnosis of Upwelling and Downwelling

[28] Figures 4a–4c replot zonal average nightside temper-
ature (Figure 2a), dust density‐scaled opacity (Figure 3a), and
water ice density‐scaled opacity (Figure 3e) for northern
spring equinox with upward and downward (solid for defi-
nite, dashed for ambiguous) arrows to indicate zones of
upwelling and downwelling inferred from the zonal average
fields. At the equinox, temperature maxima of the polar
warmings are ∼170 K, and from the ensemble of models
we see that this temperature is at least 35 K above radia-
tive equilibrium temperatures. Importantly, ice and dust are

largely absent from the latitudes and altitudes correspond-
ing to the warmings, and the magnitudes of the temperature
maxima are fairly similar between the dayside and night-
side, thus eliminating the possibility that diabatic heating
of aerosol is driving the strong departure from radiative
equilibrium. Instead, dynamically driven downwelling is
indicated.
[29] Nightside temperatures at ∼55 km in the tropics are

∼130 K and dayside temperatures are ∼150 K, a variation
likely driven by the tides [Lee et al., 2009]. The average
temperature is thus at least 10 K below radiative equilibrium.
Water ice is present at the lower end of this zone of very
cold temperatures, but water ice will absorb infrared radia-
tion from below, re‐emit it at a lower temperature, and pro-
duce a net diabatic heating. Thus, the presence of water ice
cannot explain why temperatures are cooled below radia-
tive equilibrium. Thus, adiabatic cooling and upwelling are
diagnosed.
[30] Dust density‐scaled opacities at 10 km are relatively

similar from pole to pole, but the vertical extent of dust is
significantly deeper from 40°S to 25°N, indicating strong
vertical and meridional mixing in the lower atmosphere at
these latitudes. There is a minimum in dust density‐scaled
opacity at ∼50°S at 20 km. We infer that this minimum is
probably due to downwelling. Scavenging by water is less
likely since ice density‐scaled opacities at this latitude and
level are relatively similar to those at higher latitudes, where
the vertical extent of dust is deeper.
[31] High ice density‐scaled opacities are observed over a

broad vertical range centered at ∼40 km at between 45°S and
45°N, which is a region with a negative vertical temperature
gradient. We infer broad upwelling at this level and region.
[32] The upwelling and downwelling zones identified here

are consistent with meridional cells symmetric about the
equator in both the lower and middle atmospheres that rise at
the equator and sink at higher latitudes. In the lower atmo-
sphere, the average insolation is strongest at the equator, so

Figure 3. (a–d) Log10 of the zonal average dust density‐scaled opacity (m2 kg−1) for the labeled time of
day and Ls bins during MY 29. (e–h) Log10 of the zonal average water ice density‐scaled opacity (m

2 kg−1)
for the labeled time of day and Ls bins during MY 29. Contours are every 0.1 log units.
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the differential heating between the equator and pole creates
an unstable flow regime due to incompatibility between
radiative equilibrium and angular momentum conservation.
To resolve this instability, equatorial air rises from the surface
and moves poleward. This air cools at higher latitudes, sinks,
and becomes a return flow back to the equator, forming two
meridional circulation cells symmetric about the equator: the
PMOCs. In the middle atmosphere, theory and modeling
suggest that similar cells can be driven by dissipation of
waves and tides or aerosol diabatic forcing [e.g.,Holton et al.,

1995; Forget et al., 1999; Forbes and Miyahara, 2006;
Hartogh et al., 2007; Wilson et al., 2008].
[33] In order to draw a full set of streamlines for the cir-

culation, it is necessary to know to what extent the lower and
middle atmospheric meridional cells are coupled kinemati-
cally, but the observations leave that question ambiguous.
Different possible scenarios consistent with the inferred
upwelling and downwelling are illustrated schematically on
the same temperature plot as Figure 4a in Figure 5. The lower
and middle atmospheric meridional cells may be separated by

Figure 5. Characteristic temperature fields for the equinoctial case: (a–c) as in Figure 4 marked with
schematic streamlines of the inferred mean meridional circulation for three possible states of coupling as
labeled. The solid streamlines indicate counterclockwise flow, and the dashed streamlines indicate clock-
wise flow.

Figure 4. Characteristic zonal average fields for an equinoctial case (Ls = 0°, nightside) with inferred
zones of upwelling (upward arrows), downwelling (downward arrows), and vigorous mixing (label) indi-
cated. Definite inferences are marked with solid arrows. More ambiguous inferences are marked with
dashed arrows. The color of arrows is for sake of clarity and has no other significance: (a) Temperature
(K), identical to Figure 2a; (b) dust density‐scaled opacity (m2 kg−1), identical to Figure 3a; (c) water ice
density‐scaled opacity (m2 kg−1), identical to Figure 3e.
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a region of weak vertical motion (opposite to the mutual
upwelling or downwelling in the cells) (Figure 5a) and thus be
fully decoupled kinematically. The lower and middle atmo-
spheric cells in one hemisphere may be fully kinematically
coupled in a single cell, in which air rises at the equator into
the middle atmosphere, strongly descends within the middle
atmospheric polar warming to the surface (Figure 5c). In the
latter case, there would be substantial mixing of constituents
both meridionally and vertically. In the former case, mixing
would be primarily meridional, isolating the lower from the
middle atmosphere with implications for the atmospheric loss
of water vapor and other constituents. We note that a Mars
GCM simulation of this season by Forget et al. [1999] sug-
gests the local temperature maxima of the polar warmings are
consistent with an intermediate state of coupling (Figure 5b),
in which the PMOC extends deeply into the middle atmo-
sphere in the tropics, is pulled poleward more strongly in the
middle atmosphere than in the lower atmosphere by the
forcing of themiddle atmospheric meridional cell, and returns
in the middle atmosphere to merge with the downwelling
of the deep tropical PMOC at midlatitudes. Thus, the PMOC
in this simulation is kinematically coupled with the mean
meridional cell in the middle atmosphere in the tropics but not
at higher latitudes.

5. Solstices

5.1. Description

[34] The thermal structure and aerosol distributions differ
significantly between the northern summer and the northern
winter solstices of MY 29. Temperatures throughout the
atmosphere (except in the polar vortex) are considerably
warmer at northern winter solstice than northern summer
solstice (Figures 6a–6d). In the lower atmosphere (altitudes
less than 35 km) at northern winter solstice, temperatures are
usually highest in the southern high latitudes, lower toward
the tropics, and have a secondary maximum in the northern
midlatitudes that tilts poleward at lower pressures. This
qualitative thermal structure is only weakly apparent at

northern summer solstice. In themiddle atmosphere, there is a
temperature maximum at 35–70 km near the winter pole at
both solstices, which is slightly warmer and centered at higher
altitude at northern winter solstice. The estimated zonal
wind structures are qualitatively similar at both solstices and
consist of a strong westerly jet (stronger at northern winter
solstice) in the middle and high latitudes of the winter
hemisphere and weak westerlies or easterlies in the middle
and high latitudes of the summer hemisphere (Figures 6e–6h).
[35] At both solstices, dust is primarily restricted to

the summer hemisphere and winter hemisphere tropics
(Figures 7a–7d). A region of extremely dust clear air gener-
ally separates the dust in the winter tropics from aerosol in the
winter high latitudes (likely CO2 ice retrieved here as dust).
This region of dust clear air is broader at northern summer
solstice. In the winter tropics and summer hemisphere, dust
density‐scaled opacity is higher at northern summer solstice.
As discussed by McCleese et al. [2010], the summer hemi-
sphere and tropical dust distributions at northern summer and
northern winter solstice also differ in stratification. Dust
density‐scaled opacity is constant or decreases with height
at northern winter solstice but tends to increase with height
in the tropics below 20 km at northern summer solstice.
[36] The water ice distributions at the solstices differ sig-

nificantly (Figures 7e–7h). The northern summer solstice
distribution is dominated by a high density‐scaled opacity
layer of water ice in the northern tropics at ∼30 km, but
smaller amounts of water ice are present at all latitudes at
altitudes less than 40 km. At northern winter solstice, the
thickest layers of water ice are restricted to the summer
hemisphere at altitudes greater than 40 km. Note that water
ice density‐scaled opacity is higher in the winter polar vortex
at northern winter solstice.
[37] Due to differing topography and summer insolation

between the northern and southern hemispheres (and seasonal
variability in dust loading and distribution), the southern
summer solstitial circulation (at least the PMOC) is believed
to be more vigorous than its northern analog [Zurek et al.,
1992; Richardson and Wilson, 2002; Takahashi et al.,

Figure 6. (a–d) Zonal average temperature (K) during MY 29 for the labeled time of day and Ls bins dur-
ing MY 29. (e–h) Estimated zonal wind velocity (ms−1) for the labeled time of day and Ls bins during MY
29. Contours are every 10 ms−1.
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2003]. We will diagnose the circulations at the solstices
separately.

5.2. Diagnosis of Upwelling and Downwelling

[38] Figures 8a–8c replot zonal average dayside tempera-
ture (Figure 6d), dust density‐scaled opacity (Figure 7d),
and water ice density‐scaled opacity (Figure 7h) for southern
summer solstice with arrows indicating upwelling and down-

welling as in Figures 4a–4c. The temperature of the middle
atmospheric polar warming near the north pole is ∼180 K.
The temperature of this warming exceeds temperatures at this
level at all other latitudes on both the dayside and night-
side (Figure 6c), so it can be inferred to be much warmer
than radiative equilibrium. Comparison with the ensemble
of models, [see Haberle et al., 1997] suggests the departure
from radiative equilibrium of the observed warming is at least

Figure 8. As Figure 4 except for the northern winter solstice (Ls = 270°, dayside).

Figure 7. (a–d) Log10 of the zonal average dust density‐scaled opacity (m2 kg−1) for the labeled time of
day and Ls bins during MY 29. (e–h) Log10 of the zonal average water ice density‐scaled opacity (m

2 kg−1)
for the labeled time of day and Ls bins during MY 29. Contours are every 0.1 log units.
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70 K. The warming is at latitudes with no or limited solar
insolation at this season, so downwelling is inferred. In the
lower atmosphere, there is a substantial temperature inversion
centered at 25 km and 60°N. Comparison with Haberle et al.
[1997] suggests that the departure from radiative equilibrium
of the observedwarming is at least 50K. This region is mostly
free of water ice and dust, which suggests diabatic heating is
minimal, so downwelling is inferred. Between 30°S and 10°N
at 30–50 km altitude, there is a temperature minimum. High
concentrations of dust and water ice are present at the lower
and upper and northern ends of this region, respectively.
While it is possible that the combined shortwave heating of
dust, longwave heating of water ice, and proximity to the
subsolar point should support a temperature maximum in this
region in the absence of adiabatic heating/cooling, compari-
son of the temperatures here with the model of Haberle et al.
[1997] suggests that they are within 10 K of radiative equi-
librium, so upwelling is not diagnosed here.
[39] Dust density‐scaled opacities are high and roughly

constant with pressure at pressures greater than 20 Pa from
40° to 30°N, indicating strong vertical and meridional mixing
in the lower atmosphere at these latitudes. There is a mini-
mum in dust concentrations at ∼60°N and 20 km. Water ice
concentrations at this latitude and level are higher than at
lower latitudes, so this minimum could be due to scavenging
or downwelling.
[40] The upwelling and downwelling zones identified here

are consistent with single meridional cells in the lower and the
middle atmospheres. The lower atmosphere cell (the PMOC)
rises in the southern midlatitudes and sinks at 60°N. The
theory of Lindzen and Hou [1988] suggests the latitude of
PMOC downwelling corresponds to the latitude of upwelling
in the opposite hemisphere, but there is no definite confir-
mation of this idea from the observations. In the middle
atmosphere, the downwelling near the pole indicates a middle
atmospheric cell, but it is unclear from the observations
whether the upwelling of this cell takes the form of weak
upwelling in the middle atmosphere from the summer pole to
the winter midlatitudes or stronger, more localized upwelling.
[41] Figure 9 shows schematically three possible structures

of the mean meridional cells for different states of kinematic
coupling. The discontinuity between the warming due to
downwelling in the lower atmosphere near 60°N and the
warming due to downwelling in the middle atmosphere near
the north pole suggests that the PMOC in the lower atmo-

sphere is not fully kinematically coupled with the meridional
cell in the middle atmosphere. The polar warming in a sim-
ulation of the circulation in this season by Forget et al. [1999]
is 50 K warmer than the observed polar warming. In this
simulation, the meridional mass stream function is consistent
with nearly complete coupling between the PMOC and the
mean meridional cell in the middle atmosphere, since the
streamlines of the PMOC in the northern high latitudes
remain vertical as low as 15 km above the surface (as opposed
to 55 km in the equinoctial case). Because of the similarity
between the temperature of the polar warming simulated by
Forget et al. [1999] and observed dust storm polar warmings,
it is possible that dust storm polar warmings are the result of a
fully kinematically coupled lower and middle atmospheric
meridional circulation. In other words, the “pole‐to‐pole”
circulation in the simulations of Wilson [1997], Forget et al.
[1999], and Kuroda et al. [2009] is a fully kinematically
coupled lower and middle atmospheric meridional circula-
tion. From the observations alone, we cannot infer anything
about the vertical structure of tropical upwelling. So we
cannot determine from this analysis whether the lower and
middle atmospheric meridional cells are in an intermediate
state of coupling or fully decoupled.
[42] The dust clear air in the winter high latitudes at ∼20 km

is consistent with the area of the atmosphere heated primarily
by downwelling in the lower atmospheric PMOC. On the
poleward side of the vortex wall, water ice opacities increase
again [Benson et al., 2010], but density‐scaled opacities are
much lower than in the tropical cloud belt. The southern
winter atmosphere is seen to be much clearer of ice than the
northern winter atmosphere, consistent with Mars Odyssey
Gamma Ray Spectrometer argon observations [Sprague
et al., 2007] that suggest that the southern polar vortex is
much more dynamically isolated than the northern one.
[43] Figures 10a–10c replot zonal average nightside tem-

perature (Figure 6a), dust density‐scaled opacity (Figure 7a),
and water ice density‐scaled opacity (Figure 7e) for north-
ern summer solstice with arrows indicating upwelling and
downwelling as in Figures 4a–4c and 8a–8c. The tempera-
ture of the middle atmospheric polar warming near the south
pole is ∼170 K (Figure 10a). Because the temperature of this
warming on the nightside or dayside (Figure 6b) exceeds
temperatures at this level at all other latitudes, it can be
inferred to be much warmer than radiative equilibrium. The
ensemble of radiative‐convectivemodels (particularlyZalucha

Figure 9. As Figure 5 except for the northern winter solstice.
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et al. [2010]) suggests temperatures exceed radiative equi-
librium by at least 35 K, so downwelling is inferred. Tem-
peratures at ∼50 km in the tropics average ∼135 K. The
average temperature is at least 20 K below radiative equi-
librium [Colburn et al., 1989], so upwelling is inferred there.
[44] Downwelling is inferred in the vicinity of the region of

dust clear air centered at 60°S and ∼15 km (Figure 10b),
where there is a maximum in temperature and a minimum in
water ice, possibly indicating a region of adiabatic warming.
Dust density‐scaled opacity has a notable minimum at ∼45°N
and ∼15 km altitude. Since water ice density‐scaled opacity
at this pressure level is higher in the southern tropics than
in this region, enhanced scavenging by water ice is not a
convincing explanation for the minimum, so downwelling is
inferred there.
[45] Water ice concentrations are highest at ∼30 km over

the northern tropics (Figure 10c). Temperatures are decreas-
ing with altitude at this pressure level. If we interpret this
feature as due to a gradual drying of vapor‐rich air from the
summer pole upwelling across the equator, we may infer
broad upwelling throughout this latitudinal band.

[46] Thus, the inferred circulation in the lower atmosphere
consists of two PMOCs that upwell in the northern tropics:
a stronger, broader cell that downwells in the southern mid-
latitudes and a weaker, narrower cell that sinks in the northern
midlatitudes. In the middle atmosphere, another cell likely
upwells through the tropics and downwells near the winter
pole. As at southern summer solstice, observations argue
against full kinematic coupling, but the exact degree of
kinematic coupling cannot be determined. Possible options
are shown schematically in Figure 11.

6. An Alternative Approach to the Analysis
of Kinematic Coupling

[47] This study has focused on qualitative and geometric
reconstruction of the mean meridional circulation of Mars’s
atmosphere. Our implicit assumption has been that the rela-
tion between kinematic coupling and temperature departure
from radiative equilibrium is purely geometric. Air upwells at
low latitudes, converges as it moves toward high latitudes,
and downwells more intensely at high latitudes to conserve

Figure 10. As Figure 4 except for the northern summer solstice (Ls = 90°, nightside).

Figure 11. As Figure 5 except for the northern summer solstice.
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mass, resulting in adiabatic warming. This framework lacks a
ready explanation for why fully kinematically coupled cir-
culations produce much higher‐temperature polar inversions
thanmore weakly coupled circulations. One possibility is that
this effect is thermodynamic.
[48] As noted by Wallace and Hobbs [1976], planetary

atmospheres act like heat engines “in a gross, statistical
sense,” in which energy is concentrated by solar absorption in
the lower atmosphere of the tropics and summer hemisphere
and redistributed by circulations like the PMOC toward
cooler air at higher altitudes and latitudes. Thus, the genera-
tion of mechanical energy to maintain atmospheric circula-
tions depends on the positive thermodynamic efficiency of
the atmospheric heat engine implied by this general effective
diffusion of heat.
[49] Thus, complete kinematic decoupling of the lower and

middle atmospheric mean meridional circulations is unlikely
to produce a middle atmosphere in which the equator is
substantially cooler than the pole, no matter the intensity of
downwelling in the middle atmosphere. A fully isolated
middle atmospheric cell would be a thermally indirect cir-
culation equivalent to a heat engine running strongly in
reverse. The negative efficiency at the northern summer
solstice would be ∼25%. Such a circulation would need to be
sustained entirely by dissipative heating by waves and tides
propagating into the middle atmosphere from below, since
waves and tides are ultimately driven by diabatic heating in
the lower atmosphere. Generously assuming that the gravity
waves in Mars’s atmosphere have periods comparable to
gravity waves in the Earth’s atmosphere generated by con-
vective updrafts, recent analysis by Heavens et al. [2010a]
suggests that zonal average direct heating by gravity wave
dissipation at an altitude of 10 km above the polar inversions
is ∼5 K sol−1, except perhaps just before the global dust storm
in 2007. Unless dissipative heating by tides or other types of
waves is substantially larger, the equator to pole temperature
gradient must be sustained by effective eddy diffusion of heat
from the tropical lower atmosphere. In that case, the lower
and middle atmospheric mean meridional circulations must
be at least partially kinematically coupled throughout the year
in order to sustain the observed thermal inversions. Such a
thermodynamic constraint on similar inversions in the Earth’s
mesosphere was recognized by Leovy [1964], who noted, “…
a counter‐gradient heat transport by the mean meridional
circulation arises from the fact that the motions in the upper
mesosphere are driven by the heat sources at the lower
levels.” Thus, the excess radiation of the polar inversions
(inside or outside dust storms) should ultimately be a function
of the diabatic heating input and the thermodynamic effi-
ciency of the PMOC. It is possible that the latter parameter is
related to the geometric description of kinematic coupling
used in this study. Testing this hypothesis is beyond the scope
of this work but is certainly possible. A technique for esti-
mating the thermodynamic efficiency of simulated circula-
tions has been outlined by Adams and Rennó [2005], though
their approach may need adjustment to account for the radi-
ative effects of aerosol.

7. Summary

[50] We have used the first simultaneous and systematic
observations of the thermal structure and aerosol distributions

of the lower and middle Martian atmosphere to 80 km above
the surface to perform a simple, qualitative analysis of the
background seasonal variability of the mean meridional cir-
culation. We find that there are vigorous and clearly delin-
eated middle atmospheric cells at all seasons of the year.
These cells are associated with strong positive equator‐pole
gradients in temperature, so they are thermodynamically
implausible unless they are at least partially “kinematically”
coupled to the PMOC in the lower atmosphere. Yet in all
cases during the year analyzed, the coupling appears to be
much weaker than indicated by GCM simulations of dust
storm polar warmings, underlining the exceptional nature of
these events. Therefore, the most plausible coupling scenario
is one in which the tropical upwelling of the principal lower
and middle atmospheric cells is approximately continuous
but the downwelling of these cells at higher latitudes is dis-
continuous. The qualitative analysis presented in this study,
however, is tentative and its limitations underline the need for
quantitative metrics of kinematic coupling for analysis of
both model simulations and observations. Past modeling
experiments suggest that kinematic coupling is strongly
dependent on the details of the aerosol forcing in the lower
atmosphere and the wave forcing in the middle atmosphere,
which are being investigated by MCS and The Compact
Reconnaissance Imaging Spectrometer for Mars (CRISM) on
MRO and will be investigated by the instrument package on
the upcoming 2016 ExoMars Orbiter.
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