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Imagine a planet very much like the Earth, with similar size, rotation rate and inclination of rotation axis,
possessing an atmosphere and a solid surface, but lacking oceans and dense clouds of liquid water. We
might expect such a desert planet to be dominated by large variations in day—night and winter—-summer
weather. Dust storms would be common. Observations and simulations of martian climate confirm these

expectations and provide a wealth of detail that can help resolve problems of climate evolution.

side from the very limited atmospheric water

and associated latent heat release, Mars’

atmosphere differs from Earth’s primarily in

its very low surface pressure, which varies as

much as 20% annually owing to seasonal CO,
condensation at the poles'? (Table 1). The corresponding
low atmospheric heat capacity and short bulk radiative
timescale, <7,>, ensure that diurnal and seasonal
temperature variations are much larger than those in
terrestrial deserts. Maximum diurnal near-surface
atmospheric temperature range is about 30 °C on Earth
and about 60 °C on Mars. Seasonal daily averages of
surface air temperatures range up to 90 °C in martian
polar regions', but only up to about 50 °C in the extreme
terrestrial climate of northeastern Siberia.

Martian atmospheric temperature is strongly controlled
by suspended dust®*. When the atmosphere is ‘clear’ (optical
depth at visible wavelengths < 1), daytime surface heating
generates convection that extends as high as 1 scale height
(about 10 km, see Table 1). In this convective boundary
layer, temperature decreases with height at the dry adiabatic
lapse rate, about 4.3 K km™. Above this layer, temperature
declines more gradually with height and can approach the
limiting condensation temperature of CO, (130-150 K)
above 40 km (refs 5, 6; Fig. 1). During the night, convection
collapsesand astrong temperature inversion developsin the
lowest kilometre. Above 40 km, there are strong time-
dependent oscillations of the vertical temperature profile,
probably produced by vertically propagating waves®. Near
winter solstice, Mars’ distance from the Sun approaches its
minimum, and the atmosphere becomes dusty (optical
depth at visible wavelengths = 1). Absorption of solar
radiation by dust increases the daily mean temperature and
diurnal temperature range above the surface, but the surface
diurnal temperature range decreases and the daytime
convective layer disappears. Daily average temperature near
the surface is not affected by dust loading.

Horizontal variations of temperature and associated
horizontal variations of pressure drive the planetary wind sys-
tem — the general circulation. Our knowledge of the general
circulation of Mars is based on observations and numerical
simulation models. Until very recently, these models were
sophisticated but poorly constrained by data. Recent observa-
tions from the Mars Global Surveyor (MGS) now provide a
good match between the degree of detail produced by the
models and that available from observations. The following
sections describe our present understanding of the general
circulation and focus on the critical interaction between sur-
face windsand dust stormsin the present climate regime. The
last section discusses the research challenge — connecting

NATURE | VOL 412 12 JULY 2001 | WWW.Nature 2 2001 Macmillan Magazines Ltd

our understanding of the present climate to an improved
understanding of the evolution of martian climate and
surface features over the past four billion years.

Wind measurements are limited to surface winds at lander
sites, vertical profiles of wind from the two Viking lander
entry vehicles, and scattered inferences of wind from cloud
features. Vertical temperature profiles inferred from ther-
mal emission measurements, obtained primarily by Mars
orbiting spacecraft, provide far more complete coverage and
can be used to infer winds’®. The MGS Thermal Emission
Spectrometer (MGS-TES) has provided vertical tempera-
ture profiles that resolve features whose vertical scale is
about 1 scale height or more®. In addition, Earth-based
microwave measurements provide information about
atmospheric temperature distribution®. Atmospheric
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Figure 1 Mars atmosphere temperature profiles measured by Viking®
compared with the standard atmosphere profile for Earth. Martian
adiabatic lapse rate and CO, condensation are indicated by lines Aand C,
respectively. The Viking profiles are reproduced by permission of the
American Geophysical Union.
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Figure 2 Cross-sections of zonal mean temperature and zonal wind for northern-
hemisphere winter solstice (L, = 270°) from MGS-TES observations. a, Temperature
(K); b, eastward wind (m s™%). Wind was derived from the thermal gradient wind
approximation under the assumption that surface wind is zero everywhere (Box 1).
The ordinate scale of log pressure corresponds approximately to height, with each
decade roughly equivalent to 20 km, and the upper boundary near 60 km. Figure
adapted from ref. 9; reproduced by permission of the American Geophysical Union.

refractive index inferred from Doppler delay of radio signals passing
through the atmosphere (radio occultation) providesalimited num-
ber of temperature profiles with much higher vertical resolution™.
These also give information about the distribution of pressure on
horizontal surfaces. Time series of surface pressure are available from
the sites of two Viking and one Pathfinder landed spacecraft®*,
Three-dimensional time-dependent distributions of temperature
together with pressure on a single horizontal surface can be used to
derive approximate large-scale wind fields (see Box 1). Wind distrib-
utions can also be derived through the process of assimilation of
temperature datainto more complete nonlinear dynamical models®.

A representative MGS-TES temperature cross-section in the
meridional plane and the corresponding zonal mean (latitude
average) eastward wind field derived from thermal gradient wind
balance is shown in Fig. 2. It can be compared with a meridional
cross-section of temperature and total (not approximate) zonal
mean eastward wind generated by a martian numerical general
circulation model (GCM; Fig. 3a, b). Agreement between observed
temperatures and the derived thermal gradient winds and the
temperatures and winds generated by the GCM is remarkable and
serves as a good test of our ability to simulate the martian general
circulation**®, Viking landing site and radio occultation measure-
ments also provide some validation for the GCM surface winds"*'.
Zonal mean mid-latitude eastward winds increase with height to
maxima (jet streams) near or above the level of 3 scale heights (about
30 km) in all seasons except mid-summer, with westward wind
throughout most of the subtropics and tropics. Similar zonal mean
wind distributions are found on Earth, but they are weaker and the
mean eastward jet streams occur at lower altitudes and latitudes.
Eastward zonal winds prevail during summer at mid-latitudes on
Earth, but mid-Ilatitude zonal winds are generally westward on Mars
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Figure 3 Zonal mean general circulation components from the GCM of Haberle et
al.*. a, Temperature (K); b, west—east wind (m s™; shading corresponds to westward
wind); and ¢, meridional mass stream function (10%kg s™*; shading corresponds to
clockwise circulation in the plane of the page). Simulation is for the northern winter
solstice with average optical depth at visible wavelengths equal to 0.3, slightly lower
than observed at this season by MGS-TES. Reproduced by permission of the
American Geophysical Union.

in mid-summer. These differences in zonal winds and associated
meridional temperature gradients between Mars and Earth were
predicted long before spacecraft measurements became available".
They can be understood in terms of the thermal response to underly-
ing oceanson Earthand underlying desert on Mars, together with the
much shorter martian radiative timescale (Table 1).

The zonal mean meridional circulation, consisting of the zonally
averaged poleward and upward flow components, can also be
deduced approximately from the temperature field"® (see Box 2). On
Earth, this meridional circulation consists of a tropical circulation
cell and a weaker mid-Ilatitude circulation cell. The tropical cell,
called the Hadley circulation, is often described in terms of an
ascending branch on the Equator and descending branches near 30°
in the subtropics of both hemispheres. In fact, this symmetry about
the Equator is observed only near equinox. In northern winter,
Earth’s Hadley circulation is dominated by a single cell with ascend-
ing motion south of the Equator and descending motion in the
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Figure 4 Local-to-regional dust storms observed by Cantor et al.**. The horizontal
axis L is Mars-centred longitude of the Sun, an index of season. L, = 0° corresponds
to northern spring equinox; Ly = 270° corresponds to northern winter solstice. The
figure shows all storms in the size range 10*-1.6 x 10°km? observed between
L,=107.27 and L, = 262.78 in MGS-MOC wide angle (WA) images. Viking orbiter
and historical ground-based observations of dust storms are also shown®. VIS and
IRTM correspond respectively to storms observed by the Viking Orbiter Visible Imager
and Infrared Thermal Mapper. Reproduced by permission of the American
Geophysical Union.

northern subtropics. This pattern reverses during southern winter®.
Similar asymmetric Hadley circulation prevails on Mars, but the
circulation cellsare much stronger and the ascending and descending
branches are displaced much farther from the equator (30-60°
latitudes)**?® (Fig. 3c). A symmetric, but very weak equatorially
symmetric, Hadley circulation does occur on Mars, but only near the
equinoxes. Because of Mars’ high orbital eccentricity and resulting
large seasonal differences in heating, its Hadley circulation is
stronger and wider during northern winter than southern winter.
Bright depositional streaks on the surface reflect the dominant
Hadley circulation pattern of surface winds during this season®#. In
the temperature distribution of Fig. 2a, the descending branch of the
Hadley circulation is evident in the temperature maximum in the
latitude belt 50-60° N of the winter hemisphere.

The symmetry of the zonal mean west—east wind pattern is
broken in middle latitudes by prominent large-scale wave-like flow
disturbances — planetary waves. These waves are observationally
well constrained from measurements at the two Viking lander sites
and from MGS-TES radiance measurements. Travelling planetary
waves with zonal wave numbers (number of waves around a latitude
circle) from 1 to 3 occur during winter and spring in mid- and high
latitudes of both hemispheres® . These propagate eastward, are well
organized, and are apparently lower wave-number counterparts of
eastward propagating mid-latitude weather systems on Earth. They
arise from instability of the zonal mean temperature and wind fields
(baroclinic and/or barotropic instability). These systems were
predicted in advance of any observations'’, and they are well simulat-
ed by GCMs. Other weather systems of intermediate scale (with
diameters of a few hundred kilometres) occur near the edges of the
residual mid-summer north polar cap®?. These systems, which
produce familiar-looking moving comma-shaped cloud patterns,
seem to be dry counterparts of Earth’s polar lows that form primarily
over open water near the sea-ice edge during winter. Stationary
planetary waves (mainly zonal wave-numbers 1 and 2), generated by
interaction between eastward zonal winds and the large-amplitude
topography, are also observed and simulated in GCMs®%. In
addition, flow over topography generates internal gravity waves
(or ‘buoyancy waves’) whose horizontal scales range from a few
kilometres to several hundred kilometres (ref. 30).
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Figure 5 Temperature and dust opacity versus latitude and seasonal index (L) as
inferred from MGS-TES by Smith et al.®. a, Temperature is at the 0.5-hPa level
(approximately 20 km), and b, dust opacity at spectral wave-number 1,075 cm™is at
the surface. Note the close correspondence between increased southern-hemisphere
dust opacity and increased northern-hemisphere temperature, beginning near
L,=230. This illustrates the global response of the Hadley circulation to enhanced
heating in the southern (summer) hemisphere. Reproduced by permission of the
American Geophysical Union.

The strong diurnal heating cycle generates a family of planetary
waves known as thermal tides'>*"*; these are centred in the tropics,
but extend to mid-latitudes. Evidence for thermal tides derives from
large-amplitude fluctuations in vertical temperature profiles above
about 40 km (Fig. 1). Most thermal tides follow the Sun westward,
but interactions between Sun-following tidal components and the
large-amplitude planetary topography generate additional waves.
The most prominent of these are equatorially centred, eastward-
propagating Kelvin waves™*, Some of the energy of thermal tides
and Kelvin waves propagates to elevations greater than 100 km in the
upper atmosphere®. Absorption of upward-propagating tides and
the smaller-scale internal gravity waves can strongly influence the
background flow at altitudes above about 40 km (ref. 36). These
waves tend to drive the background flow towards the horizontal
phase speed of the waves.

Surface winds calculated by GCMs are generally consistent with the
few available direct measurements® and with the near-surface
branch of the Hadley circulation inferred from MGS-TES tempera-
ture and surface dust streaks?*#. As on Earth, the Hadley circulation
is associated with ‘trade winds’ blowing from the northeast in the
northern hemisphere and the southeast in the southern hemisphere.
These winds are confined below = 30° latitude on Earth, but extend
as high as 50° latitude during the martian northern winter. During
the solstice seasons, martian trade winds cross the equator, curve
towards the eastand forma low-elevation eastward jet in the summer
subtropics™ (Fig. 3b). This picture describes the zonal mean, but, as
on Earth, the Hadley circulation winds are not longitudinally
uniform. The strongest low-latitude martian surface wind probably
occurs in lowlands and/or on east-facing slopes of large-scale
topographic rises®.

Strong surface wind can set particles of ~100-pm diameter into
saltating motion. The resulting surface impacts can raise smaller
particles into suspension to produce dust storms. Threshold wind

247




review articles

Box 1
Thermal wind balance

Box 2
Zonal mean meridional circulation

If the planetary Rossby number Ro<1 (see Table 1), the horizontal
wind vector u and pressure p are related by the geostrophic wind
approximation: u=gH(pf)™kxV,p, where f=20sin¢ is the coriolis
parameter at latitude ¢, V,, is the gradient operator on a horizontal
surface, and kx is a 90° counterclockwise rotation operator. With the
hydrostatic balance equation and the ideal gas law, this equation
implies the thermal wind equation relating the vertical shear of u to
temperature T: o(u/T)dz=g(f T?)*kxV,T. These approximations are
usually accurate, with errors of less than 10%, for large-scale extra-
tropical winds on Earth, but they must be applied with caution to
Mars because Ro is larger there (Table 1). However, a slightly
modified version of the thermal wind equation, the zonal thermal
gradient wind equation, is very accurate outside of the deep tropics
for zonal mean eastward wind u on Mars as well as Earth:
au/T)az= —g(f*T3™ aT/ay, where f*=(f+ utand/a). To apply this
equation, knowledge of u on some horizontal surface is required.
Wind near the ground is generally much weaker than wind aloft, and
surface wind can be set equal to zero as a first approximation (ref. 1,
pp. 854-856).

speed forinitiation of dust storms depends on surface roughness, size
distribution of fine particles, and surface pressure and temperature®.
At the two Viking lander sites, this threshold isapparently about 30 m
s for winds at 2-m height***. Although, at most sites, such strong
wind speeds are rare, over an annual cycle and the planet as a whole,
many local dust storms occur**, Daytime convection also generates
dust devils that can extend through the depth of the convective
boundary layer*,

Asseen in MGS Mars Orbital Camera (MGS-MOC) images, there
is a strong tendency for dust storms in the size range 10°~10° km? to
occur inmid-latitude storm zones following the edge of the seasonally
varying polar caps (Fig. 4). Dust storms also occur in lower
latitudes, especially during northern winter when Mars is closest to
the Sun. These low-latitude storms seem to be generated by a
combination of the strong seasonal Hadley circulation, thermal tides,
topographically forced flow and local thermal convection®. Dust

Table 1 Parameters governing the general circulations of Earth and Mars

Earth Mars
Mean distance from the Sun (au) 1.0 1.52
Orbital eccentricity 0.03 0.093
Inclination of rotation axis to ecliptic 23.5° 25°
Rotation rate, 2 (10 s™) 0.729 0.709
Planetary radius, a (km) 6,380 3,390
Surface gravity, g (m s7) 9.81 3.72
Representative surface pressure*, p (hPa) 1,000 7+1
Bulk atmospheric composition N,(0.8), 0,(0.2), CO,(0.95),
(mole fraction) A(0.001), N,(0.03), A(0.02),
CO0, (0.00037),  H,O (<0.0005)
H,0(<0.03)
Representative temperature of lowest 260 200
scale height (K)
Specific gas constant, R (m? s 2 K™) 287 192
Representative scale height, RT/g (km) 7.6 10.3
Specific heat at constant pressure, C, (m*s>K™) 1,000 860
Dry adiabatic lapse rate, I, (=-g/C,) (K km™) 9.8 4.3
Average lapse rate of lowest scale height, 6.5 25
T(Kkm™)
Bulk radiative timescale, <> (10° s) 40 2
Typical zonal wind at jet level, U (m s™) 30 80
Planetary Rossby number, Ro (= U/(a) 0.05 0.2

*Mars surface-pressure data correspond to approximate global mean annual average and
annual range, not uncertainty.
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In the meridional (vertical and north—-south) plane, the vertical
component of the flow, w, follows from an approximate version of
the thermodynamic equation: w(l,— I")=Q/C, =-74T—T.), where
Q is net diabatic heating rate per unit mass, T, is local radiative
equilibrium temperature, 7, is local radiative adjustment timescale,
and I, and I"are the dry adiabatic and actual lapse rates (see Table
1, and ref. 1, p. 873). Because, in the zonal average, I, > I, vertical
velocity is downward where T > T, and vice versa. Both T, and =,
depend on the dust distribution as well as on latitude, height and
season, but the dust distribution can also be inferred from orbiter
data®. The poleward wind component v can be derived from w
using the zonal average continuity equation

(acos¢)a(vcos¢) = pa(pw)/oz.

from low-latitude storms is carried aloft by the ascending branch of
the Hadley circulation and spreads widely, so that the average optical
depth of theatmosphere increases fromafew tenthsto =1 near north-
ern winter solstice. Suspended dust strongly heats the atmosphere,
inducing a powerful feedback: seasonal low-latitude winds lift dust,
which leads to dust heating, which causes enhanced and enlarged
Hadley circulation and thermal tides, which results in enhanced
low-latitude winds. Enhancement and enlargement of the Hadley
circulation is observed as dust is pumped high into the atmos-
phere* . This appears as an intensification and slight poleward shift
of the temperature maximum in the winter-hemisphere descending
branch of the Hadley circulation that coincides closely with dust-
storm events in the summer hemisphere (Fig. 5). The evolution of
complex dust-storm events like this one and the corresponding
atmospheric dynamical response are well simulated by GCMs™*,
During some years, winter-solstice subtropical dust storms can
expand to encircle the planet or even cover the globe™.

Short radiative timescale and strong control of temperatures by
orbital and surface properties tend to lock the martian general circu-
lation into predictably repetitive diurnal and annual cycles, but the
occasional occurrence of planet encircling and global dust storms
breaks this pattern and remains poorly understood®.,

Lifting and transport of dust produce non-uniform surface erosion
and deposition® and have substantially modified the surface of Mars
over the past four billion years. If periods of higher surface pressure
occurred in the past, threshold wind speeds for saltation would have
been lower, and wind would have been amuch more effective agent of
surface modification. Variations in orbital parameters should also
have produced substantial changes in the magnitude and
distribution of net dust transport. Variations in tilt of the rotation
axis (obliquity), whose range is approximately 15-40° in the present
epoch, eccentricity, and argument of perihelion will generate large
changes in the intensity and size of the Hadley circulation and in
planetary waves. Because these meteorological factors interact with
the large-amplitude martian topography, which is highly asymmet-
ric about the equator, substantial transport between low- and
high-elevation regions as well as substantial meridional transport
should have occurred over the past four billion years. These factors
complicate the geological interpretation of surface features. One of
the main challenges is to integrate martian GCM simulations of past
climates with studies of surface geology to decipher the record of
martian climate history and the roles of impacts, volcanism, wind, ice
and water in modifying the surface over time (see review in this issue
by Jakosky and Phillips, pages 237-244). The good agreement
between observations, theory and models of the present martian
climate provides asolid basis for addressing this challenge. o
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