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A general circulation model simulation of the Martian

polar warming

R. John Wilson
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Abstract. This paper reports on a successful general cir-
culation model simulation of a rapid warming phenome-
non observed in the Martian winter polar atmosphere
during global dust storm conditions. The model includes
a self-consistent simulation of the dust distribution
which is forced with a prescribed surface source. The
warming is shown to be largely a response to the devel-
opment of a pole-to-pole solstitial Hadley circulation
resulting from the greatly increased dust loading. A cru-
cial aspect of the simulation is a sufficiently deep com-
putational domain that allows for the full development of
this circulation. These simulations indicate that the ther-
mal tides play a contributing role by providing zonal
momentum flux divergence at the winter pole and by the
advection of aerosol.

Introduction

An interesting aspect of Martian atmospheric dynamics is
the large variability in amount and distribution of radiatively
active aerosol. This is most impressively evident during global
dust storms when the dust haze can extend to heights of 60 km
(Anderson and Leovy, 1978) over a large fraction of the planet,
achieving column-integrated optical depths of 5-6 (Zurek,
1982). A particularly striking warming of the winter polar at-
mosphere was observed by the Infrared Thermal Mapper in-
strument (IRTM) aboard the Viking orbiters coincident with
the onset of the 1977b global dust storm at northern hemi-
sphere winter solstice (Martin and Kieffer, 1979; Jakosky and
Martin, 1987). The observed 15um brightness temperatures
(T;5) represent a weighted average of the atmospheric temper-
ature over a thick layer centered near 25 km (0.5 mb) altitude.
Zonally-averaged pre-storm and storm temperatures are shown
in Fig. 1. While the temperature increases in the summer
(southern) hemisphere may be attributed to greater absorption

of solar radiation due to dust, increases in the winter pole night

must be a result of dynamical processes leading to strong sub-
sidence in the zonal mean meridional circulation.

Haberle et al. (1982) employed a 2-D model with aerosol
transport to explore the possibility that the warming may be
due to a meridional expansion of the Hadley circulation in re-
sponse to increased aerosol heating. These calculations dem-
onstrated that this circulation intensifies with increasing dust
loading and is capable of lofting dust high in the summer
hemisphere and rapidly transporting it into the winter hemi-
sphere under dust storm conditions. Subsequent simulations
with the NASA/Ames Mars GCM (Haberle et al. 1993; Mur-
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phy et al., 1995) have corroborated these results and shown
that the Hadley circulation is a prominent component of the
Martian general circulation, particularly during the solstice
seasons. However the winter polar temperatures remained near
radiative equilibrium (~140 K) in all cases. The simulations
were carried out with the model top at a relatively shallow
height of ~ 50 km which evidently was shallow enough to re-
quire dissipation (Rayleigh drag) for model stability. The po-
lar warming phenomenon is re-examined here using a newly
developed Martian GCM (Wilson and Hamilton, 1996; here-
after WHO6) that features aerosol transport and a deeper mod-
el domain.

Solstitial Hadley Circulation

Mars GCM results are consistent with theoretical expecta-
tions for the behavior of a nearly-inviscid Hadley circulation
based on the conservation of absolute angular momentum
(e.g. Held and Hou, 1980). A notable aspect of agreement is
that the circulation intensity is strongly sensitive to the sea-
sonally varying latitude of maximum radiative forcing
(Lindzen and Hou, 1988; Dunkerton, 1989). For the case in
which the radiative equilibrium temperature decreases mono-
tonically from the summer pole to the winter pole, Schneider
(1983) demonstrated the possibility of a “solstitial Hadley cir-
culation”; a thermally-direct meridional cell extending from
the summer pole to the winter pole. Such a circulation yields
strong depth-averaged easterlies in the tropics and westerlies
in the winter hemisphere as is consistent with angular mo-
mentum conservation.

Schneider suggested that an important consideration for
modelling this circulation is the potential for inertial instabili-
ty if the numerical domain is insufficiently deep for a given
horizontal (pole-to-pole) temperature contrast. This is a con-
sequence of the large vertical shear in the zonal wind created
by the upper branch of the meridional circulation. In such a
case numerical stability requires introducing dissipation
which relaxes the constraint of conservation of angular mo-
mentum and fundamentally alters the character of the circula-
tion so that it is controlled by the diffusion rather than by
inertial effects. )

The model employed for this study is based on the GFDL
SKYHI terrestrial GCM (Hamilton et al. 1995) and is essen-
tially that described in WH96. The model now incorporates
the CO, condensation circulation, and the optical properties
of the aerosol are those suggested by Clancy et al. (1995).
Two versions of the GCM were discussed in WH96, one with
16 numerical levels up to ~70 km and one with 40 levels up to
~90 km. WH96 noted that increasing the domain height,
which enabled a decreasing of the Rayleigh drag, led to in-
creasingly warmer winter polar temperatures. Subsequent in-
tegrations of the model have shown that by placing the top
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Figure 1. Latitudinal profiles of T5 for the periods preceding
(L¢=250-270°) and following (L =274-290°) the onset of the
1977b global dust storm. Time of year is represented by the
areocentric longitude, L, which is defined to be zero at the
vernal equinox, 90° at northern hemisphere summer solstice
etc. Simulated profiles of T 5 are also shown. These were syn-
thesized by converting model temperatures to radiances, sam-
pling these by the IRTM instrument vertical weighting
function and converting back to temperature.

above ~80 km, the model may be stably integrated without ar-
bitrary dissipation for any reasonable radiative forcing. This
behavior is also evident in an axisymmetric version of the
GCM and is independent of the choice of model time step.

Dust Storm Simulation Results

Simulations with the present model employing fixed, hori-
zontally uniform aerosol distributions yield roughly realistic
winter pole T;s temperatures for column-integrated optical
depths of unity and even higher temperatures for more realis-
tic dust storm optical depths. It is not obvious, however, that
such an idealized aerosol distribution is very realistic and it is
likely that the Hadley response will show sensitivity to the
depth and meridional extent of the dust. For this reason, the
integrations described here employ dust transport which al-
lows for a self-consistent simulation of the aerosol distribu-
tion given specified source and sink terms.

A globally-uniform injection of dust into the lowest model
level is prescribed as a simple representation of surface dust
raising during the development of a Martian dust storm. As
discussed in WH96, the lofting of this dust into the free atmo-
sphere is largely effected by the Hadley circulation and modu-

lated by the large scale topography. For transport purposes,-

the aerosol is assumed to have a sedimentation velocity appro-
priate for a monodisperse distribution of spherical particles.
A number of scenarios have been considered for the tempo-
ral behavior of the dust source, ranging from a relatively weak
but steady dust source initiated at autumnal equinox (L=
180°) to stronger, episodic events initiated near northern win-
ter solstice (I.;=270°). For-equivalent dust loadings these sim-
ulations lead to comparable polar warmings, although with
differing rates of onset and subsequent decay, suggesting that
the warming phenomenon is not dependent on transient ef-
fects. The standard dust storm experiment presented here em-
ploys a ‘strong episodic dust source peaking 8 sols after
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initiation .at L =268°. This simulation used a sedimentation
velocity corresponding to a particle radius of 0.9 pm.

Latitude-height cross-sections of the simulated zonally-av-
eraged temperature, zonal wind and aerosol mixing ratio
fields are shown in Fig. 2 for dust storm conditions. The warm
temperatures in both the summer and winter extratropics rela-
tive to those of the tropics is a characteristic response of a
nearly-inviscid meridional circulation as discussed by
Schneider (1983). The close agreement between the observed
and simulated T;5 temperatures is shown in Fig. 1.

The broad and deep distribution of aerosol mixing ratio
(Fig. 2c) is consistent with observations of the dust haze
height near the peak of the 1971 global dust storm as deduced
by Anderson and Leovy (1978). The column-integrated opti-
cal depth is ~6, comparable to the best estimates for the 1977b
global dust storm (Zurek, 1982). The latitude vs. local time
variation of simulated T;s is in good agreement with the
IRTM observations (Martin and Kieffer, 1979), suggesting
that the strength of the aerosol-induced heating is well simu-
lated.

The zonal mean zonal winds (Fig. 2b) undergo significant
change as the simulated dust storm evolves. Most prominent-
ly, the tropical upper level easterlies intensify greatly in re-
sponse to the development of an angular momentum
conserving summer-pole-to-winter-pole meridional circula-
tion. At high altitudes the zonal wind distribution has the par-
abolic form consistent with such a circulation, with equatorial
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Figure 2. Latitude-height sections of zonally averaged (a)
temperature, (b) zonal wind and (c) aerosol mass mixing ratio
averaged over 5 sols (a Martian solar day, equal to 88775 sec.)
at the peak of the simulated dust storm. Temperature in de-
grees Kelvin. Zonal wind velocity in ms L.
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winds achievin% velocities approaching the limiting value of
aQ = -240 ms™ where a and Q are the planetary radius and
rotational frequency.

The simulated near-surface winds corresponding to the Vi-
king Lander 2 site at 48°N undergo a shift from westerly to
northeasterly as the dust loading is increased, in agreement
with observations (Ryan and Henry, 1979) following the
1977b dust storm. Notably this shift is absent in simulations
without a significant polar warming.

A dust storm simulation was also carried out with a version
of the model employing diurnally-averaged radiation so as to
exclude the thermal tides. In this simulation the winter pole
T;s temperature remained near radiative equilibrium as seen
in Fig.1. Although the dust loading throughout the tropics and
subtropics is very similar in the two simulations, the spread-
ing of aerosol over the southern polar latitudes seen in Fig. 2¢
is absent in the simulation without thermal tides.

Interpretation and Discussion

The two panels of Fig. 3 contrast aspects of the zonal mean
circulation for the standard simulation with those for the sim-
ulation employing diurnally-averaged radiation. Each panel
shows contours. of zonally-averaged meridional mass trans-
port stream function and absolute angular momentum (M-sur-

faces). The shading indicates regions of significant
- 80
0.001 4 L 70
- 0.003 .
£ 001
] 50
g 0.03 r
§ 0.1 40
a  0.34° r 30
14 20
34 10
1oL 0
80
0.001 1 -
~ 0.003 1 -
E 0,011
g 0.031 r50
2 0.17 40
a 0.3 b 30
11 +20
34 +10
0 +0

1
90S

Figure 3. Time-mean zonal-mean meridional streamfunction
(black contours) and absolute angular momentum (red con-
tours) for (a) the standard dust storm simulation and (b) a sim-
ulation with diurnally-averaged radiation. Streamfunction
contour intervals are logarithmic with positive values indicat-
ing clockwise circulation. Shaded regions indicate momentum
flux divergence with positive values corresponding to zonal
momentum acceleration. Units are in ms™'sol ..
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momentum forcing by acceleration terms (dissipation and
eddy momentum flux divergence) in the zonal momentum
balance equation. In the absence of these terms, the meridion-
al circulation must be parallel to the M-surfaces as a conse-
quence of conservation of angular momentum.

To the extent that the stream function and M-surfaces are
roughly parallel over a large region of the atmosphere, the
thermally-direct cell implied by the stream function is consis-
tent with the inertially-controlled “solstitial circulation” pro-
posed by Schneider (1983). This may be contrasted with the
terrestrial middle atmosphere where the meridional circula-
tion is largely induced by dissipation associated with plane-
tary and gravity waves (Andrews et al. 1987).

The meridional circulation in the standard dust storm simu-
lation (Fig. 3a) is further broadened by these acceleration
terms so that a pole-to-pole circulation is achieved. A detailed
examination of the zonal momentum balance reveals that the
shaded regions in Fig. 3a are strongly dominated by momen-
tum flux divergence associated with the thermal tides. The
zonal wavenumber 1 component of the diurnal tide has a peak
amplitude near 80°N. The fact that the thermal tides have such
an effect at winter polar latitudes is not expected in the con-
text of classical tidal theory, (Zurek, 1986; Zurek and Haberle,
1988) but is a result of the strong zonal winds as has been not-
ed in WH96. Note that the momentum flux divergence due to
the tides accounts for the advection of aerosol over the south
pole noted previously. This southward transport is absent in
the simulation without tides, consistent with the stream func-
tion shown in Fig. 3b.

A notable aspect of the simulated circulation is the virtually
uniform, near-zero distribution of potential vorticity through-
out much of the atmosphere, with an area of strong meridional
gradient tightly confined about the winter pole. The accelera-
tion terms shown in Fig. 3b are likely a result of inertial insta-
bility, however further analysis is needed to confirm this.

In the diurnal mean, the polar vortex retains a high degree
of axisymmetry throughout the warming. In fact, the simula-
tions show a marked reduction in transient (non-tidal) and sta-
tionary wave activity as the polar warming develops. The
relative insignificance of planetary scale waves for the simu-
lated polar warming is in contrast to the case of the terrestrial
stratospheric sudden warming (e.g. Andrews et al., 1987)
where the transience of forced, near-stationary planetary
waves leads to a highly disturbed polar vortex. The possible
analogy with the terrestrial case had been presented by Barnes
and Hollingsworth (1987).

An intriguing aspect of the 1977b dust storm IRTM data is
a large amplitude day/night temperature variability that peaks
at ~80°N (Jakosky and Martin, 1987). While interpretation of
the data is made difficult by sampling limitations (at best, only
two longitudes per day were viewed as a result of the asyn-
chronous orbits), the simulation results suggest that the ther-
mal tides, coupled with small off-pole displacements of the
polar vortex, yields temperature variability not inconsistent
with the observations.

Conclusion

These simulations indicate that the polar warming phenom-
enon is a result of the development of the solstitial Hadley cir-
culation, the strength of which increases as the thermal
forcing becomes increasingly asymmetric about the equator.
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This asymmetry is due to both the seasonally varying solar
geometry and the evolving aerosol distribution. In simulations
with fixed, uniformly mixed aerosol, polar warmings were lo-
calized about the time of solstice, consistent with a weakening
of the Hadley circulation away from solstice. Consistent with
the sedimentation of the micron-sized particles and the as-
sumed time variation of the dust source, the simulated polar
warming decayed rapidly after Li=300° in agreement with the
IRTM observations (Jakosky and Martin, 1987). The height of
the simulated dust haze decreased most rapidly over the south
pole during the decaying stages of the dust storm consistent
with the observations of Anderson and Leovy (1978). No po-
lar warming is evident in the IRTM data at the time of the ear-
lier 1977a global dust storm (Lg~205°, well before solstice)
although temperatures did rise significantly at more southerly
extratropical latitudes.

The thermal tides contribute to the polar warming by pro-
viding sufficient momentum flux divergence to enable the me-
ridional circulation to extend beyond 70°N to the winter pole.
They also contribute by inducing increased radiational heating
at far southerly latitudes (by aerosol transport) and dynamical
heating near the summer pole, thereby strengthening the sol-
stitial Hadley circulation. The thermal tides represent a signif-
icant source of feedback as their strength and ability to advect
aerosol varies with the optical depth of the atmosphere.
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