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Introduction: Many local dust storms have been 

observed near the polar cap edges [1]. Some local 
dust storms near the polar cap edges grew into a 
global dust storm [2,3]. Using a GCM, [4] showed 
that dust artificially injected into the atmosphere near 
the southern cap edge in the south-west Hellas Basin 
moved to the north along the western inner rim of the 
basin. This movement of dust simulated by [4] was 
relevant to that of the local dust storms which were 
early aspects of the global dust storm in 2001 re-
ported by [2]. However, their GCM did not take into 
account the atmospheric mass change due to CO2 
condensation, which would be expected to affect the 
movement of localized dust near the cap edge. 

 

 
 
 
 
 
 
 
 
 
 

Effects of CO2 phase-change on surrounding wind 
fields have been studied by [5] and [6]. [5] estimated 
the averaged meridional wind associated with the 
mass flow forced by CO2 condensation. They consid-
ered the growing polar ice cap over the winter pole 
centered on the pole and supposed that the mass con-
densing onto the ice cap is continually replenished by 
a flow into the cylindrical region above the cap. They 
derived the meridional flow of 0.2--0.5 m s-1, assum-
ing the latent heat due to CO2 condensation is bal-
anced with radiative cooling. However, they included 
neither effects of rotation of the planet nor the verti-
cal distribution of the flow. Therefore, it is uncertain 
whether the picture supposed by [5] is consistent with 
the real phenomena around the polar cap. On the 
other hand, [6] evaluated effects of CO2 phase-
change on wind fields by using their MGCM. They 
concluded that there is any change only at the very 
lowest level over the cap. However, they mentioned 
only changes of the meridional distribution of zonal-
mean zonal winds caused by CO2 condensation in the 
polar region and did not discuss the phenomena asso-
ciated with the loss of the atmospheric mass due to 
CO2 condensation. 

In this work, using a numerical Martian atmos-
pheric model, we investigate effects of CO2 condensa-
tion in the winter polar region on the surrounding at-
mospheric circulation. We perform two kinds of ex-
periments. One is an experiment where the atmos-
pheric mass change due to CO2 condensation is con-
sidered and the other is an experiment where it is not 
considered. By comparing results of these experiments, 
effects of CO2 condensation on the surrounding at-
mosphere will be suggested. 

Model and Experiments: Our MGCM is based on 
a model used by [4]. The horizontal resolution is ap-
proximately 5.6° longitude by 5.6° latitude (triangular 
truncation with wave number 21). The domain has 34 
σ layers in the vertical direction and higher resolution 
is achieved near the surface. The highest level is at 
σtop=1.54×10-5 corresponding altitudes around 90km. 
Rayleigh friction is imposed near the upper boundary. 

Martian topography is not considered because we 
are interested only in the responses of the atmosphere 
to the atmospheric mass change due to CO2 condensa-
tion. The shortwave and longwave radiation scheme 
used in this work is the same as that used by Ogohara 
and Satomura [2008] except that atmospheric heating 
due to absorption of solar radiation in the near-IR 
bands (4.3, 2.7, 2.0 μm) of CO2 is computed following 

Figure 1: (a) A meridional cross section and a vertical pro-
file, averaged latitudinally from 52.6°N to 69.2°N, of merid-
ional mass flux in S2. Meridional mass flux contours are in 
intervals of 0.02 kg m-2 s-1. (b) Differences of zonal mean 
meridional mass flux  between S1 and S2, which are defined 
as results in S2 minus those in S1. The contour interval is 
0.005 kg m-2 s-1. Note that regions below σ=0.8 are stretched 
vertically. Shaded regions express negative values. 
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equation (2) given by [7]. The values of the surface 
albedo of the regolith and CO2 ice are 0.25 and 0.60, 
respectively, in all bands. 

The time independent vertical profile of dust mix-
ing ratio in the atmosphere given by [8] is used 
through this work and is the same as that used by [4]. 
The dust mixing ratio in this work provides the stan-
dard dust optical depth about clear atmospheric condi-
tions, ~0.25. 

A spin-up run was performed for one Mars year 
from the northern fall equinox. The one year spin-up 
run started from an isothermal (220K) condition with 
constant surface pressure (7hPa) and no wind over the 
entire planet. During the spin-up run, a temperature 
adjustment scheme for CO2 phase-change given by [9] 
is applied, when the atmospheric temperature falls 
below the condensation temperature of CO2. When 
snow falls on the surface, the mass of the snow is 
added to the mass of the polar cap. The albedo and the 
thermal inertia of the surface are switched to those of 
CO2 ice. However, the surface pressure is not changed 
during the spin-up run. After the spin-up run, a simula-
tion called S1 is performed for the period between 
Ls=180° and Ls=270° on the same conditions as that 
of the spin-up run. The other simulation called S2 is 
also performed on the same conditions and for the 
same period as those of S1 except that the surface 
pressure is modified based on the snow mass which 
falls on the surface.  
 
 

 
 
 
 
 
 
 
 
 

Results: A meridional distribution of the zonal-
mean meridional mass flux averaged over the period of 
the simulations in S2 is shown in Fig. 1a. The north-
erly wind area which lies from the middle atmosphere 
in high latitudes to the lower atmosphere in low lati-
tudes consists of the lower and descending parts of the 
Hadley circulation and the descending branch of the 
Ferrel circulation. It is suggested from an estimation 
given by [10] that localized meridional mass flux near 
the surface in high latitudes is the Ekman mass trans-
port. A vertical profile of the zonal mean meridional 
mass flux in S2 averaged latitudinally from 52.6°N to 
69.2°N is also shown in Fig. 1a. Fig. 1b indicates the 
differences of zonal mean meridional mass fluxes be-
tween S1 and S2. Zonal mean meridional mass flux 
near the surface in high latitudes in S2 is larger than 
that in S1, associated with the enhancement of the 
Ekman transport together with the westerly jet en-
hancement. It is also found in Fig. 1b that the mean 
meridional circulation is weakened in S2. A vertical 
profile of the differences of zonal mean meridional 
mass fluxes averaged latitudinally from 52.6°N to 
69.2°N is also shown in Fig. 1b. The significant in-
crease of meridional mass flux can be seen below 1 km 
altitude in high latitudes. There is also very slight in-
crease of meridional mass flux in altitudes from 10 km 
to 20 km above the surface. 

Discussion and Conclusion:  Fig. 2 shows latitu-
dinal distributions of the increase of vertically, longi-
tudinally and temporally integrated meridional mass 
transport in S2. Considering that the northern ice cap 
exists in higher latitudes than 60°N, the atmospheric 
mass transported into the polar region associated with 
CO2 condensation in S2 over the period of the simula-
tion is 2.0×1015 kg. During the period, the polar ice of 
2.4×1015 kg is formed (not shown). Thus, about 83 
percent of the atmospheric mass lost by CO2 condensa-
tion (i.e. the increment of the polar ice cap mass) is 
compensated by the northward mass flux from the 
southern latitudes. 

Fig. 2 also shows latitudinal distributions of the 
differences of the integrated meridional mass transport 
between S1 and S2. Half of the increment of the north-
ward mass flux in mid- and high-latitudes is contrib-
uted from the positive northward mass flux difference 
above the boundary layer, which corresponds to the 
slight but vertically wide decrease of the southward 
mass flux in altitudes between 10 km and 20 km above 
the surface in S2 shown in Fig. 1, possibly associated 
with the descending branch of the weakened mean 
meridional circulation. The other half of the increment 
of the northward mass flux due to CO2 condensation is 
resulted from the increase of the northward mass flux 
below 1 km altitude. This corresponds to the enhanced 

Figure 2:  (solid line) Differences of meridional mass trans-
port integrated vertically, longitudinally and temporally be-
tween S1 and S2 over the period of the simulations, which 
are defined as results in S2 minus those in S1. (dashed line) 
Same as the solid line, but integrated vertically below σ=0.9. 
(dotted line) Same as the solid line, but integrated vertically 
above σ=0.9. 
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Ekman mass transport shown in Fig 1b. Therefore, the 
enhancement of Ekman transport is one of important 
processes of replenishing loss of the atmospheric mass 
due to CO2 condensation even if the Ekman layer is 
very shallow relative to the atmosphere. 

As a result, it is summarized that CO2 condensation 
affects on the circulation of the surrounding atmos-
phere as follows, 

1)The surface pressure in the polar region drops 
due to CO2 condensation onto the surface. 

2)The westerly in high latitudes is enhanced uni-
formly in the vertical direction corresponding to 
the increase of the meridional gradient of the 
surface pressure in high latitudes. At the same 
time, the mean meridional circulation is weak-
ened. 

3)The Ekman mass transport in the lower atmos-
phere is also enhanced together with the westerly 
jet enhancement and compensates for the loss of 
the atmospheric mass in the polar region. Weak-
ened mean meridional circulation is resulted in 
the decrease of the southward mass transport in 
the descending branch. 

Future works:  In this work, it is not known ex-
actly how effects of CO2 phase-change on wind fields 
appear when topography is considered, because merid-
ional mass transport by topographic stationary waves 
is not considered in this study. In addition, season of 
the simulation in this work is the northern fall and win-
ter, when CO2 continues to condense. The study in the 
season when CO2 continues to sublime is the scope of 
future works. 
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