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1 Introduction

In Martian atmosphere, atmospheric major compo-
nent, CO2, condenses. CO2 ice clouds are formed in
current Martian polar regions (Pettengill and Ford,
2000). It is discussed that CO2 ice clouds cause warm
climate in early Mars (Forget and Pierrehumbert, 1997:
Mitsuda, 2007). It is pointed out that supersatura-
tion can influence significantly CO2 cloud structure for
convection with condensation of major component (Co-
laprete et al., 2003). Laboratory experiments and ob-
servations suggest the emergence of super saturated re-
gions in Martian atmosphere(Glandorf et al., 2002).

Colaprete et al. (2003) discusses that high convec-
tive clouds which reach near tropopause does not de-
velop but only thin clouds emerges the condensation
level for the case that supersaturation is inhibited. In
this case, temperature of ascent region must be equal
to that of descent region, and air parcel can not obtain
buoyancy due to degeneracy of degrees of freedom for
thermodynamic variables. Colaprete et al. (2003) also
shows that active cloud convection can occur if highly
supersaturation is permitted in CO2 atmosphere.

However, Colaprete et al. (2003) uses vertical one
dimensional model in which convective motion is pa-
rameterized. Cloud convection model should be used in
order to investigate cloud structure with condensation
of major component, since cloud distribution is affected
greatly by distribution of ascent and descent regions.

We have been developing cloud convection model in
order to investigate atmospheric convective structure
in various planets (e.g., Nakajima et al, 2000: Odaka et
al., 2006: Sugiyama et al., 2009). Odaka et al. (2006)
incorporates the effects of condensation of major com-
ponent into the cloud convection model, and perform

numerical experiments of ascending thermal plume as
a test calculation. In this paper, we improve condensa-
tion process in the model of Odaka et al. (2006), and
perform long time integration in order to investigate
flow field and cloud distribution in statistical equilib-
rium states with considering supersaturation.

2 Model description

We assume that atmosphere consists entirely of
CO2. The governing equations are the extension of
quasi-compressible equations by Klemp and Wilhelm-
son(1978).

We extend quasi-compressible equations (Klemp and
Wilhelmson, 1978) and use them as governing equa-
tions.

du

dt
= −cpθ

∂π

∂x
+ Dm(u), (1)

dw

dt
= −cpθ

∂π

∂z
+ g

θ′

θ
+ Dm(w), (2)

∂π

∂t
+

Rπ

cvρθ

[
∂(ρθu)

∂x
+

∂(ρθw)
∂z

]

=
Rπ

cvρ

(
L

cpT
− 1

)
Mc

ρ
, (3)

dθ

dt
+ w

∂θ

∂z
=

1
π

(
LMc

ρcp
+ Qdis + Qrad

)

+Dh(θ), (4)
∂ρs

∂t
+

∂(ρsu)
∂x

+
∂(ρsw)

∂z
= Mc + Dh(ρs), (5)

where

d

dt
=

∂

∂t
+ u

∂

∂x
+ w

∂

∂z
, (6)

Dm(·) =
∂

∂x

[
Km

∂(·)
∂x

]
+

1
ρ

∂

∂z

[
ρKm

∂(·)
∂z

]
, (7)



Dh(·) =
∂

∂x

[
Kh

∂(·)
∂x

]
+

1
ρ

∂

∂z

[
ρKh

∂(·)
∂z

]
. (8)

u,w are horizontal and vertical component of velocity,
respectively. π is the Exner function, θ is potential tem-
perature, and T is temperature. Overbar denotes the
basic state which depends only on height. Km and Kh

are eddy coefficients for momentum and heat, respec-
tively. Qdis is heating rate of dissipation. Km, Kh and
Qdis are calculated by using 1.5 order closure (Klemp
and Wilhelmson, 1978). Qrad is heating rate of radia-
tion, Mc is condensation rate, and L is latent heat of
fusion. cp, cv are specific heat at constant pressure and
volume, respectively. R is gas constant for unit mass,
and g are gravitational acceleration.

We do not deal with radiation transfer explicitly, but
we give horizontally uniform heating and cooling Qrad.
Heating and cooling rate is adjusted to retain heat bal-
ance of the entire system. Surface fluxes of momentum
and heat are not considered in our model. Planetary
rotation is not considered in our model.

Condensation of CO2 occurs when saturation ratio
S = p/p∗ exceeds critical value Scr, where p is pressure,
and p∗ is saturated vapor pressure. p∗ is given by

p∗ = exp
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T

)
, (9)

where Aant = 27.4 [Pa], Bant = 3103 [K] (The society of
chemical engineers of Japan, 1999). If cloud particles
grow by diffusion process, and growth by coalescence
process can be neglected, condensation rate Mc are ex-
pressed as follows (Tobie et al.,2003).

Mc =
4πr(S − 1)N

L2/kdRT
if





S > Scr

S ≤ 1, ρs 6= 0
1 < S ≤ Scr, ρs > ε

(10)
where r is cloud partile radius, N is number density of
condensation nuclei, and kd is heat conduction coeffi-
cient. We use the value of kd = 4.8 × 10−3 [W K−1

m−1 ] (Tobie et al., 2003). ε is a threshold constant
for inhibiting unphysical condensation which can occur
when saturation ratio is large. From (9) and Clausius-
Clapeyron equation, latent heat L is constant value,
then we obtain L = BantR.

If cloud particles radii r in one grid domain are con-
stant, r is expressed by cloud density ρs and condensa-
tion nucleus radius rd :
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where ρI is the density of CO2 ice, and we take ρI =
1.565 × 103 [kg/m3] (National Astronomical Observa-
tory of Japan, 2004). rd is 0.1 [µm], and number den-
sity of condensation nucleus per unit mass of air N/ρ

is 5.0×108 [kg−1] (Tobie et al., 2003).
For space discretization, we use second order cen-

tered difference for the terms related to sound wave,
and fourth order centered difference for other terms.
Time integration is carried out by using time splitting
method (Klemp and Wilhelmson, 1978) in which fast
modes associated with sound wave and condensation
and slow modes are calculated separately. Fast modes
are integrated by HE-VI (horizontally explicit and ver-
tically implicit) scheme. We use the Euler scheme as
explicit scheme, and Clank-Nicolson scheme as implicit
scheme. Slow modes are integrated by leapflog scheme
with Asselin time filter (Asselin, 1972).

Developed numerical models and documents are
published in http://www.gfd-dennou.org/library/
deepconv/.

3 Numerical configuration

The computational domain is 50 km in the horizon-
tal direction and 20 km in the vertical direction. Grid
spacing is 200 m. Time step is 0.125 or 0.25 sec for
fast modes, and 1.0 or 2.0 sec for slow modes. We set
surface pressure and temperature to be 7 hPa and 165
K, respectively. We use periodic boundary condition
in horizontal direction and stress-free boundary condi-
tion in vertical direction. As initial temperature profile,
we choose profile in Martian polar cap (Colaprete and
Toon, 2002). In this profile, potential temperature is
constant (165 K) below 4 km height, and temperature
coincides with CO2 saturation temperature from 4 km
height to 15 km height, and temperature is constant
(135 K) above 15 km height (Fig.1 left). We determine
the initial pressure profile based on hydrostatic equa-
tion. As initial purturbation, random noise of potential
temperature is added to the lowest layer of atmosphere.
We set initial amplitude of heating rate 37.3 K/day be-
low 1 km height, and - 5.0 K/day from 1 km height
to 15 km height (Fig.1 right). According to laboratory
experiment under the condition of present Martian at-
mosphere, saturation ratio can rise 1.35 when CO2 con-
denses (Glandorf et al., 2002). Therefore we carry out
calcurations for the case of Scr = 1.0 and 1.35. Inte-
gration time are 40 days for tha case of Scr = 1.0, and



Figure 1: Temperature profile in basic state(left panel)
and initial profile of heating rate(right panel).

30 days for the case of Scr = 1.35.

4 Results and discussion

For the case of Scr = 1.35, quasi-equilibrium state
is obtained at about 15th day. In this state, region
above 1 km height is covered with clouds (Fig.2). To-
tal cloud mass increases until about 15th day, then be-
comes nearly constant (Fig.3). Total kinetic energy also
becomes nearly constant after 15th day (Fig.4). The
deviation field of potential temperature from the zonal
mean field is divided into lower layer with 1 km depth
and upper layer (Fig.5). While maximum of absolute
value of the deviation of potential temperature in lower
layer is 2 K, the maximum of absolute value in upper
layer is 0.1 K. In lower layer, cooling due to evapora-
tion of clouds are nearly balanced with radiative heating
and advection of potential temperature. In upper layer,
heating due to condensation and radiative cooling are
nearly balanced (figure not shown). Magnitudes of hor-
izontal and vertical component of velocity in lower layer
are less than 5 m/s, and these are small compared to
those in lower layer (Fig.6, 7). In upper layer, down-
ward flow, though it is weak, exists near x = 18 – 32
[km], and convergent region of cloud are formed on the
30 th day (Fig.2, 7).

In case of Scr = 1.0, all of cloud evaporates and
strong dry convection with one cell occurs. In this case,
equilibrium state is not realized on the 40th day. Total
cloud mass increases until 2.5th day, then decreases to
zero in about 34th day (Fig.8). After complete evapo-
ration of clouds, the deviation of potential temperature
and total kinetic energy continue to increase monotoni-

cally (figure not shown). Fig.9, Fig.10 and Fig.11 show
the spatial distribution of the deviation of potential
temperature, horizontal velocity and vertical velocity
after 40 days integration, respectively. One convective
cell exist over entire region, and magnitudes values of
horizontal and vertical velocity are 145 m/s and 45 m/s,
respectively. These values are much larger than those
in case of Scr = 1.35.

The results described above suggest that the differ-
ence of critical saturation ratio produces significant dif-
ference of structure of moist convection and cloud distri-
bution. In order to investigate the cause for significant
difference of convective structure, detailed analysis for
structure of the solutions and parameter sweep exper-
iments will be required. Since numerical experiments
on terrestial cloud convection (Nakajima et al., 1998)
shows that the falling of condensed matters affects the
convective structure, we will also perform calculations
with considering the falling of condensed matters.
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Figure 2: A snapshot for distribution of cloud density
at 30 day in case of Scr = 1.35 without falling of cloud
particle.

Figure 3: Time evolution of total cloud mass from 0
day to 30 day in case of Scr = 1.35 without falling of
cloud particle.

Figure 4: Time evolution of total kinetic energy from 0
day to 30 day in case of Scr = 1.35 without falling of
cloud particle.



Figure 5: Same as in Fig.2 but for the deviation of po-
tential temperature from the zonal mean field. Vertical
range from 0 km to 10 km is shown.

Figure 6: Same as in Fig.2 but for horizontal velocity.

Figure 7: Same as in Fig.2 but for vertical velocity.

Figure 8: Time evolution of total cloud mass from 0
day to 40 day in case of Scr = 1.0 without falling of
cloud particle.

Figure 9: A snapshot for distribution of the deviation
of potential temperature from the zonal mean field at
40 day in case of Scr = 1.0 without falling of cloud
particle.

Figure 10: Same as in Fig.9 but for horizontal velocity.

Figure 11: Same as in Fig.9 but for vertical velocity.


