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Abstract

In 1998, the Mars Orbiter Laser Altimeter revealed the presence of isolated or quasi-periodic thick clouds during the martian polar
night. They are believed to be composed of € particles and to be tilted against the wind direction, a feature characteristic of vertically
propagating orographic gravity waves. To support that interpretation, we present here numerical simulations with a two-dimensional anelastic
model of stratified shear flow that includes simplef£d€e microphysics. In some of the simulations presented, the orography is an idealized
trough, with dimensions characteristic of the many troughs that shape the Mars polar cap. In others, it is near the real orography. In the polar
night conditions, our model shows that gravity waves over the north polar cap are strong enough to induce adiabatic cooling bejow the CO
frost point. From this cooling, airborne heterogeneous nucleation gfi€particles occurs from the ground up to the altitude of the polar
thermal inversion. Although the model predicts that clouds can be present above 15 km, only low altitude clouds can backscatter the Laser
beams of MOLA at a detectable level. Accordingly, the shape of the Laser echoes is related to the shape of the clouds at low level, but do
not necessarily coincide with the top of the clouds. The model helps to interpret the cloud patterns observed by MOLA. Above an isolated
orographic trough, an isolated extended sloping cloud tilted against the wind is obtained. The model shows that the observed quasi-periodic
clouds are due to the succession of small-scale topographic features, rather than to the presence of resonant trapped lee waves. Indeed, t
CO, condensation greatly damps the buoyancy force, essential for the maintenance of gravity waves far from their sources. Simulations with
realistic topography profiles show the cloud response is sensitive to the wind direction. When the wind is directed upslope of the polar cap, on
the one hand, a large scale cloud, modulated by small-scale waves, forms just above the ground. On the other hand, when the wind is directe
downslope, air is globally warmed, and periodic ice clouds induced by small-scale orography form at altitudes higher than 3-5 km above
the ground. In both cases, a good agreement between the simulated echoes and the observed one is obtained. According to our model, w
conclude that the observed clouds are quasi-stationary clouds made of moving ice particles that successively grow and sublimate by crossin
cold and warm phases of orographic gravity waves generated by the successive polar troughs. We also find that the rate of ice precipitation is
relatively weak, except when there is a large scale air dynamical cooling.
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1. Introduction cles (lvanov and Muhleman, 2001). These clouds are de-
tected from the surface up to altitudes of 15-20 km above

Since 1998, the Mars Orbiter Laser Altimeter (MOLA) the ground. Some of them are isolated while others present
aboard the Mars Global Surveyor (MGS) orbiter has ob- quasi-periodic successive patterns. Typical isolated clouds
served optically thick clouds above the winter north and are found to be extended from the surface to altitudes of
south polar caps (Zuber et al., 1998; Smith et al., 2001a). 4-6 km above the surface (Pettengill and Ford, 2000). What-
The fact that they are only present during the winter polar ever their shape and their vertical extension are, they all look
night suggests that they are constituted of,0€e parti- tilted against the dominant wind, with a slope between zero

to twenty degrees (lvanov and Muhleman, 2001).
r— _ . . These observations suggest that they are produced by
) Corres_pondlng author. P_resent address:_Laboratowe de Planétologl_g ®mountain waves and that their periodic patterns might be due
Géodynamique, UFR des Sciences et Techniques, 2, rue de la Houssiniére .
BP 92208, 44322 Nantes cedex 03, France. to the presence of trapped lee waves (Pettengill and Ford,
E-mail addresstobie@chimie.univ-nantes.fr (G. Tobie). 2000; Zuber et al., 1998). The fact that these clouds are trig-

0019-1035/03/$ — see front mattér 2003 Elsevier Inc. All rights reserved.
doi:10.1016/S0019-1035(03)00131-3


http://www.elsevier.com/locate/icarus

34 G. Tobie et al. / Icarus 164 (2003) 33-49

gered by the orography is further supported by the fact that tion of CG; ice cloud physics and the basis driving wave
the topography on Mars presents large mesoscale irregularcloud formation. Numerical simulations with these cloud
ities near the poles. For instance, the north polar ice cap isphysics and realistic north polar cap topographies are pre-
elevated above its surrounding with a 3 km maximum ele- sented in Section 4. In order to compare with the MOLA
vation near the pole (Zuber et al., 1998). It is sculpted by cloud echo observation, we reconstruct from the model out-
spiral troughs, whose typical depth and half-depth width are puts the echoes the simulated clouds produce. In Section 5,
around 0.5 and 7 km (lvanov, 2000), respectively. we discuss these results and sum up the main points of our
For the last thirty years, COice clouds attributed to  findings.
mountain waves have been observed in the lee of craters or
large volcanoes (Hunt and Pickersgill, 1984). Before 1998,
clouds have never been directly observed above the winter2. Dynamics of the mountain wavesin the martian
polar caps, although their presence during the polar nightnorth polar night
had been intuited for a long time (Gierash and Goody, 1968;
Pollack et al., 1990; Forget et al., 1995). Indeed, the clouds2.1. The martian polar night atmosphere
optical properties can explain the low brightness tempera-
ture areas observed on the winter polar cap (Kieffer et al., The characteristic of the martian atmosphere within the
1977; Forget et al., 1995). They can also play a key role in polar night are quite unique. In the absence of solar energy,
the martian climate, which greatly depends on the condensa-the temperature of the surface falls down to the condensation
tion of CQ; in polar night conditions (Yokohata et al., 2002). point of CO, leading to the formation of the dry ice sea-
Accordingly, these clouds may need to be parameterized insonal polar caps. Above the surface, the radiative—convective
General Circulation Models, and a better understanding of processes also tend to cool the atmosphere to the frost point
their life cycles is essential for this purpose. of CO,. Therefore, in the major part of the polar night at-
Following the Mariner 9 and Viking observations, dy- mosphere, the temperature profile follows the condensation
namical models have been proposed to explain the forma-temperature profile. The corresponding thermal structure is
tion of clouds by lee waves (Pirraglia, 1976; Pickersgill and very stable, with a typical lapse rate-{ Kkm~1) much
Hunt, 1979). These studies did not investigate (i) the occur- less steep than the adiabatic lapse raté K km~1). Such
rence of lee waves when the atmosphere is near the froststable conditions are favorable to gravity waves that occur
point, and (ii) the dynamical coupling between £i©e con- in stratified flows, as suggested by the high resolution ther-
densation and the wave dynamics. The first objective of this mal profiles recorded by the radio-occultation experiment of
paper is to address these two issues. The second objective iMars Global Surveyor (Hinson, 2001). These profiles exhibit
to give further evidence that the organized structures, seen intemperature oscillation with vertical wavelength of about 1
the MOLA echoes, are produced by €i0e cloudstriggered  to 2 km and amplitude of the order of a few kelvins.
by orographic gravity waves. For these purposes, we have In some locations, the temperature of the polar night at-
developed a model that couples 2D stratified flow dynamics mosphere can be significantly warmer than the frost point of
with CO, ice cloud physics. The dynamical model solves CO; if the atmosphere is adiabatically warmed by the large-
the anelastic equations of motion (Lipps and Hemler, 1991), scale flow dynamics. On the one hand, this can happen near
and has been used for the Earth atmosphere to study mounthe surface when the wind blows downhill (foehn wind ef-
tain waves (Lott, 1998; Georgelin and Lott, 2001). The cloud fect) as described in Forget et al. (1998) (conversely, ascend-
model includes simple CPice microphysics, sedimenta- ing winds globally enhance the condensation). On the other
tion and wind advection. In all the simulations presented, hand, spacecraft observations (Jakosky and Martin, 1987;
the background flow is representative of the martian winter Smith et al., 2001b; Pearl et al., 2001) as well as modeling
north polar cap climatology. It is consistent with the clima- studies (Wilson, 1997; Forget et al., 1999) have shown that
tologies of the LMD martian GCM (Forget et al., 1999) and above 15 to 50 km, depending on the latitude, season, and
the available MGS observations. dust loading, the atmosphere is always warmed by a descent
To address the relative importance of the dynamical and of air forced by a convergence of mass above 50 km. This
physical processes responsible of the existence of theseconvergence results from a combination of a strong mean
clouds, the simulations done are presented in order of in- meridional circulation (Hadley cell) and wave (mostly tides)
creasing complexity. In Section 2, we examine the gener- mean flow interaction (Forget et al., 1999; Wilson, 1997).
ation of gravity waves by a single orographic trough in a  Another key parameter for the present study is the wind
noncondensing north polar winter atmosphere as well as theprofile. No direct observations are available, but analysis of
impact of the release of latent heat due tox@0ndensation.  simulations performed with the LMD General Circulation
We examine to which extent the regular structure can be re-Model suggest that the wind is near constant between a few
lated to resonant trapped waves, and to which extent theirtens of meters above the surface to at least 10 km, with a typ-
dynamics is affected by the GQce condensation. These ical velocity of 10 ms1. On the one hand, this is due to the
simulations serve as a basis to interpret the more realisticfact that the turbulent boundary layer is extremely thin, be-
ones, presented in Section 4. In Section 3, we give a descrip-cause of the high stability of the atmosphere. On the other
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hand, in the free atmosphere, the wind does not strongly in-instance, Scinocca and Shepherd, 1992):
crease with altitude because the horizontal temperature gra-y;

dient are small, the temperature being everywhere that of the— + %(cpeofr) + cp?é} =0, (2)

condensation point. This is very different from what occurs _ . .

at sunlit latitudes, where the wind increases with altitude to V - (©0v) =0, 3)

satisfy the thermal wind balance. where is the velocity field ¢p is the constant pressure heat
capacity,pp the background density. In Egs. (2) and (3), the

2.2. Waves in a noncondensing atmosphere Exner pressurez, and the potential temperatum, have
been written:

2.2.1. Theory p\" .

Gravity waves generated when a stratified air flow passes”™ = ;) =70(2) +7(x,2,0), (4)
over a mountain have been extensively studied in the Earth , To-l— 00(2) + B (x. 2.1, 5)

atmosphere (Queney, 1947; see Smith, 1980, for a review).
These waves are driven by the buoyancy force that acts onwhere the zero subscript refers to the fluid at rest, the tildes
air parcels displaced vertically in a stably stratified environ- represent perturbationg; is a constant reference pressure,
ment. They are usually referred to lee waves because they aree = R/cp, R is the gas constant arill the temperature. If
observed in the lee of mountains. Their intrinsic frequency We assume that the fluid at rest is in hydrostatic balance,

is between the Briint—Vaisalla frequency, and invoke the ideal gas lag= pRT, all the background
thermodynamic fields are uniquely determined ofige) is
N2 — 6o 6 specified. The continuity equation (3) allows to define the
=g8—-—/0 :
9z mass flux streamfunctiog,
(whereg is the gravityfo is the background potential tem- 1oy w— 1oy 6)
perature) and the Coriolis frequengy= 252 cosp (where 0o 0z 00 0x

£2 is the rotation frequency of the planet apdhe latitude). At the lower boundary, we impose that
In the 2D linear case, the response of the atmosphere to the

mountain forcing can be analyzed in the Fourier space, w= UO(O)aih(x)’ (7)
X
* . a linearization of the general free-slip boundary condition
h(x)= / h(ky) €5 dky, 1) that is only valid when the nondimensional paraméigr=

N(0)H/U(0) < 1, whereH is the maximum elevation (see
for instance, Smith, 1980). When this condition is satisfied,
where h(x) is the topography profile}; its Fourier trans- the waves forced by the obstacle are well described by the

—00

form andk, the horizontal wavenumber associated with linearized set:

The vertical propagation of each harmonic depends on the / 3\ , d/2)\ay dro 96’

vertical structure of the incident flow, i.e., on its horizon- (E + an)w - d_z(%) ax —de—za =0, (8
tal velocity Up(z) and potential temperatusig(z) profiles. ) ,

Waves generated by a flow with uniform veloctiyy = cte (i + Uoi>9’ _ Ny =0, 9)
and uniform stratificationV? = cre, propagate freely up- ot ax gpo Ox

ward along straight ray paths. Whéry and N vary with ¥ (0) = —po(0)Up(0)h(x) atz =0, (20)

alt|tu.de, the gravity waves are refract_ed and the shortest har-Wh ere the primes replace the tildes in Egs. (2) and (3) to
monics can be reflected at some aItltu_des and return to theindicate that only the linear part of the total disturbance is
ground where they are reflected again (Scorgr, 1949). At considered, ane = du/dz — dw/dx is the vorticity.

these short wavelengths and through constructive or destruc- To describe the flow response, it is conventional to con-

tive interferences, only a finite number of modes can exist in sider the steady limit. In this case, one particular harmonic

the long term and downstream of the obstacle. They are Oftenforced at the ground

referred to as resonant trapped modes, because they corre- ’ .

spond to the only disturbances that exist in the long term v’ (x, z) = ,03/2 Re(Vr (z) €57, (11)

and in the absence of qrographmforcmg. . ._has a vertical structure which is governed by the Taylor-
To study atmospheric lee waves, but excluding acoustic Goldstein equation:

waves, the anelastic approximation is better adapted than '

the Boussinesq and hydrostatic approximations. In this ap- d% (NZ 1d%Uy 1 <dp0) dUg

proximation, freely propagating gravity waves and trapped g,2 TR T oo\ dz ) dz

mountain waves co-exist (the latter being excluded, for in-

i i imati i 1 d? 3 dp? R
stance, in the hydrostatic approximation). In this framework, 00 00 ~0 (12)
the two-dimensionali—z) equations of motion are (see, for 2p0 dz2  4p2 dz o A
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2.7 . ) . . :
o ay + (S(z) _ kf)lﬁ —0, (13) d'lfferent proflles (Fig. .1b)To yvlthout thermal polar inver-
z sion, T1 with a thermal inversion at = 15 km, and7» with

whereS(z) is the Scorer parameter (i.e., the index of wave athermalinversion at= 25 km. These various background
refraction). ForS(z) — k? > 0, the solution is of the form:  conditions yield to totally different Scorer parameter pro-
files (Fig. 1c). In all cases, only harmonics with horizontal

Y = Aetikz 4 Be k2 and forS(z) — k2 < 0, it is of the
wavelength larger thann2/./S(0) = 6 km can propagate

form: §y = A’etk:2 4 B'e %2 wherek, = /(|S(z) — k2|).
For the first case, there is vertical propagation, and for the Upward at the ground. FaiUo, To), the Scorer parameter

second one, there is no vertical propagation and the har-increases faintly with altitude, so there is no level where
monic is evanescent in the vertical direction. Because the @n harmonic that propagates vertically near the ground can
Scorer parameter varies with altitude, there are circum- become evanescent at some level above.(Ber71), har-
stances where an harmonic propagates vertically at low levelmonics with horizontal wavelengths between 6 km and
and becomes evanescent above a turning pdintwith 27 /+/S(50 km) = 100 km encounter a turning height be-
S(Zr) = k? where they are reflected toward the ground. Itis tween 10 and 50 km, and a large number of wavelengths
the basic mechanism driving the trapped modes mentionedare trapped at low altitude.
before.
. , 2.3. Dynamical model

2.2.2. Background profiles and analysis of the Scorer
parameter profiles

The dynamical model solves the linear equations (8)

The main characteristics of the north polar winter lower _ ( _ juati
atmosphere are that the temperature profile is usually near@nd (9) in spectral space in the horizontal direction and

the CQ condensation temperature profile and that the wind in finite-differences in the vertical direction (Lott, 1998).
profile is almost constant with altitude (see Section 2.1). In In time, the evolution equations are solved by one Euler

our analysis, the temperature is assumed to follow the CO step, followed by successive Leapfrog steps. After each time
condensation temperature up to the polar thermal inversionstep, an Asselin filter is applied (Asselin, 1972). The height
altitude. We have assumed two profiles for the background of the domain is 50 km and its width range between 200
wind conditions (Fig. 1a): a constant winblp, and a more  to 1000 km. The horizontal and vertical resolution equals
realistic one,U1, that takes into account a wind gradient 500 m. At the upper boundary, a damping layer (15 km thick)
above 8 km. For the temperature, we have considered threds used in order to eliminate artificial reflections. The time
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Fig. 1. Background profiled{(z) and7 (z)) used for the simulations and the corresponding Scorer parameter prgfSés)|.
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step is equal to 1 s. The background surface pressure is fixec

to 7.5 mbar. 13

2.4. Simulation with an isolated relief

—
o

We make here a set of four simulations with an idealized
trough, which is characteristic of the north polar cap topog-
raphy. Its profile is given by:

Altitude(Km)
3

h(x) = —He */1? (14)

where H is the depth and. the half width. In all simula-
tions, we takeH = 0.5 km andL = 7 km, values that are
characteristic of the troughs in the polar cap according to
Ivanov (2000). In the first two simulations, the g{@e con- -20 20

densation is neglected. The background flows are such thai X(Km)

in one case, there is no trapped resonant modes (background (@)

profile (0)) while in the other case, trapped modes can occur Temperature anomaly (K)
(background profile (1)). The third and fourth simulations 157 3
repeat the first two, but forbidding the temperature to go be- B
low the CQ frost point.

2.4.1. Dynamic simulation = 10§
Figures 2a and 2b present the velocity and the tempera-<
ture anomalies field after 4 h of integration and for the back- &
ground profiles (0) and (1), respectively. On both figures, the =
wind and temperature fields above the trough present a wellZ
defined upward and freely vertically propagating wave, as
indicated by the tilt against the background wind of the wave
patterns. In these patterns, the positive (negative) tempera- oF
ture anomalies are located above where air descend (ascend

u

consistent with them being due to adiabatic warming (cool- —<0
ing). Notice that, as altitude increases, the wave amplitude X(Km)
above the trough increases, which is consistent with the fact (b)

that the air density decreases with altitude. _ _ .
The two simulations stronaly differ in the lee of the ridge Fig. 2. Wind (arrows) and temperature anomalies (shaded) (K) produced
aly ge. by gravity waves generated by a gaussian trough afte4 h in a non-

With constant background wind (profile (0), Fig. 2a), the condensing atmosphere. The gaussian trough parametefs aré.5 km

disturbances downstream are very weak. When the back-and L = 7 km. The CQ condensation is neglected. (a) Background flow

ground wind and temperature vary (profile (1), Fig. 2b), the U(:) = Uo, T(2) = To, scale for the windumax= 17 ms™ (maximum

waves extend downstream and the disturbance field in thehorizontal wind)umax= 1.7 ms™* (maximum vertical wind). (b) Back-

lee compares in amplitude with its value above the trough. gwrounigog” nz (SZ,) = U1, T() =T, scale for the windumax =27 ms™,

This result comes from the fact that a significant fraction of mae '

the harmonics excited at the ground, meets a turning point

abovez = 10 km and can be reflected downstream. In this results in temperature variations that are roughly given by

simulation with profile (1), the wave pattern downstream has 7’ = T (0)H N?/¢g (see Egs. (5) and (9)), a value consistent

a rather well defined horizontal wave length, ~ 20 km. with those in Figs. 2a and 2b. If we apply these scalings to

Although the wave pattern downstream is not steady, the the martian north polar cap topography, which is made of

dominance of this particular wavelength illustrates the exis- successive troughs of characteristic scalész 500 m and

tence of at least one resonance in the background profile (1).L = 7 km (lvanov, 2000), temperature anomalies of near 2 K

However, as the turning level of this mode is quite high can be expected. This value is large enough to force cloud

(z ~ 10 km), it takes a rather long time to develop and sev- formation.

eral hours are necessary before it dominates the wave fields

downstream. 2.4.2. Impact of the condensation on the wave dynamic
Since the resonant mode amplitude compares to that of In reality the waves occur in an atmosphere close to the

the freely propagating wave, we can assume that the verticalfrost point, and the waves are affected by the release of la-

wind amplitude is everywhere given by its value near the tent heat when C®is condensing. To study this effect, we

ground:w’ ~ U(0)dh(x)/9x ~ U(0)H/L (see Eq. (7)). It have reconducted the first two experiments assuming that the
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the ascent described before and where the condensation an-
nihilates the wave. Following this picture, it seems natural
that the disturbances do not see the background flow vari-
ations located above 10 km and the disturbance patterns in
Figs. 3a and 3b are near one from the other: the condensation
annihilates the resonance.

Temperature anomaly (K)

15T

3. A parameterization of CO, ice cloud formation

Altitude(Km)

The above simulations with simplified condensation
scheme have proven that the dynamics of mountain waves is
strongly affected by the condensation of £@t least within
a near saturated atmosphere. Accordingly, a better descrip-
tion of the condensation process including nucleation of the
ice particles, growth rate, wind advection and sedimentation,
and sublimation, is needed to accurately model the formation
of wave clouds as well as the feedback of the condensation—
sublimation processes on the wave dynamics. Compared to
the results in Section 2, GOce microphysical processes
can indeed delay the onset and the development of IC©

g clouds, allowing a more complete development of the grav-
g ity waves disturbance.

E

g 3.1. Microphysics of C@ice

<

As for water clouds on Earth, the microphysics of £O
ice cloud primarily depend on the supersaturatidm > 0)
or subsaturations(< 0) of the atmosphere:

5= Ps/Py— 1. (15)

In Eq. (15), P« is the ambient partial pressure of €(n
fas Fi 2 but with e ceondensat Mars it is near the ambient total pressurg),is the equi-
Ig. 5. Same as FIg. ut with a very simpie ndensation parame- ihri
te?ization > Tcong) (see Section 2.4);. (a)pBar%(ground fldbi\(z)p: Uo, “p”um vapor pressurez of CO By = Acc eXp(—Bec/ Too),
T(z) = Tp, scale for the windiumax = 13 ms!, wmax=1 ms1. with Acc = 1.382x 10" Pa andBCC = 3:!'8248 K (jJameS
(b) Background flowU(z) = Uy, T(z) = Ty, scale for the wind: et al., 1992). The formation of ice particles requires some
umax=24 ms 1 wmax=13ms 1, degree of supersaturation. Homogeneous nucleation needs
very high supersaturation & 200%), while heterogeneous
temperaturelgy, cannot fall below the condensation tem- nucleation, which involves a foreign substrate (dust or water
perature Fong This is an extreme case used to serve as aice particle) occurs at relatively low supersaturation. For two
theoretical basis to understand the impact of,G¢& con- reasons, heterogeneous nucleation is likely to occur within
densation on the dynamics. More realistic cases including the polar night atmosphere. First, the martian northern mid-
simple cloud microphysics are presented in Section 4. Re-dle latitudes in fall and winter are often swept by regional
sults for the two different background conditions are shown dust storms (Cantor et al., 2001 ), which probably inject a
on Figs. 3a and 3b. The impact on the wave field is very large amount of aerosols into the polar night atmosphere.
strong. Wherever ascent due to wave disturbances tends té&econd, it is even more likely that water ice coated dust
produce a cooling below the condensation temperature, CO particles (or even almost pure water ice particles) serve as
ice condensation keep the air parcel nEapqwhich is also condensation nuclei for the GQce: the edge of the polar
the background temperature. The parcel is just as heavy asight is known to contain relatively thick water ice clouds
its environment and no restoring force drives it down. (the polar hood) which are probably present in the entire po-
For this fundamental reason, the disturbance fields in lar night atmosphere see, e.g., Smith et al., 2001b). Thermal
Figs. 3a and 3b only see the ascent and descent near th@frared observations performed at the limb at°BOsug-
ground directly forced by the trough. The gravity wave dy- gest that water ice particles are present from above 40 km
namics only act in producing the first descent along the up- throughout the region where the @@ondensation curve is
stream side of the trough (positive temperature anomaly) andreached, providing a relatively constant source of nuclei for
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CO;, condensation though vertical sedimentation in addition an assessment of the upper and lower bounds for the growth

to horizontal transport (Pearl et al., 2001). rate of CQ ice particles. In the fast growth scenario, the
On the basis of theoretical consideration based primarily growth-rate-limiting process is only the heat trangtgrand

on Gooding (1986) calculations of the crystallographic dis- in the slow growth scenario, it is mainly the surface kinetic

registry between C®and candidate martian dust minerals, resistanceRy. In both cases, the heat transfer resistance is

Wood (1999) estimates the minimum critical value of nu- estimated with the following formula:

cleation supersaturation,c. He showed that, for a typical roi oL (9P

dust loading of 0.1 um aerosol particles atmosphere (visible R, = hice” (—V> (18)

optical depthris = 0.1), heterogeneous nucleation could oc- knPy(T) \ 9T

cur at supersaturation as low as 10%. Experimental studieswhere ky, is the gas thermal conductivitysh = nCp/Pr,

(Glandorf et al., 2002), in which water ice is used as a nu- wherePr is the Prandtl numbePRr ~ 0.8 (Wood, 1999)5

cleator of CQ ice, suggest that critical supersaturations of is the dynamic viscosity,

30-35% are required. In our study, we consider both values

(10 and 35%) as possible values for the critical nucleation 7 = 5/163/7 (v/mnkT /dioi). (19)

supersaturatiosyycl. with mm the CQ molecule massg; the Boltzmann constant,
Once nucleation has occurred, the growth of the ice parti- anddmo the CQ molecule diameter. The surface kinetic re-

cles is controlled by microphysical processes. In analogy to sistancery is fixed to zero in the fast growth scenario, and

Ohm’s law (MacKenzie and Haynes, 1992), the growth rate to 10’ s m~1 in the slow growth scenario. Although Eq. (18)

of the patrticle radius, dr/d¢, can be modeled by is only valid in the continuum regime, i.e., where the diam-
ar eter of the ice particles is larger than the mean free path of
= [s(T, P) — seq(T, r)]/[Rh + Rm + Rx], (16) air molecules in the surrounding atmosphere, it is also used

) in the kinetic regime to give an upper bound for the growth
where the constani®,, Rm, andRy representthe resistances rate of the smallest ice particles.

to the growth due to heat transfer, mass transfer and crystal \ore quantitatively, the difference between the two sce-
surface kinetic, respectively. In Eq. (16} is the Kelvin - narios is the growth rate of the ice particles smaller than
correction that accounts for the effect of the particle curva- 2g9_40 gm. In the slow growth scenario, the growth rate is
ture on the vapor pressure, it is given by controlled by the surface kinetic for particles smaller than
seo(T. 1) = eXp2Mo/rpiel ) ~ 1. (1) epartilbs.Inthe fast growth seenario, whatover the sz of
where M is the molecular weight of C& R is the gas ice particles is, its growth rate is controlled by heat transfer.

constant, pice IS the density of the C@ice, ando is As a consequence, the fast growth scenario overestimates
the surface energy of the GQOce crystal. We taker = the growth rate of ice particles with radius below 10-20 pm,
o111 = 0.080 M2, {111} being the lowest-energy crys-  while the slow growth one under-estimates it.

tallographic face of C@ ice (Wood, 1999 ). Belowseg, An other process of importance is the coagulation of the

the supersaturationis not large enough for condensation, CO ice particles as they collide through Brownian motion.
and sublimation occurs. As GOs the major component of At small particle concentrations, coagulation does not have a
the martian atmosphere, the resistance associated with massignificant effect on the cloud properties and do not modify
transfer Ry, is negligible Rm < Rn, Rk). The growth rate  the growth of particles. From Rossow (1978), the coagula-
depends mainly on the crystal growth mechanism (Wood, tion time constant for C®ice depends on the concentration
1999). This author has shown that if crystals grow with of CO; ice particles. Assuming that GQce particles nu-
the Screw Dislocation growth mechanism, the crystal sur- cleate on airborne (dust and water ice) particles greater than
face kinetic resistance is negligible as well, and the limit- 0.1 um, the number density of ice particles is directly related
ing factor is the heat transfeRp > Ry. If they grow with to the number density of aerosol particles initially present in
the 2D nucleation growth mechanism, it is the other way the atmosphere.

round, the surface kinetic is the limiting factaky < Rk. Table 1 presents the number mixing ratio of the aerosol
In fact, this second mechanism requires very high supersat-particles greater than 0.1 pum for different visible optical
uration, s > 200%, which is unlikely to be satisfied. Be-

tween these two extreme mechanisms, growth mechanismrgpe 1

may also be 2D heterogeneous nucleation, stacking fault orNumber mixing ratio of aerosol particles (per air mass unit) available for
other processes. These depend a lot on the crystal structur@ucleation for different visible optical depths

of both condensation nuclei and g@e, factors that are not 7, optical depth Naero(kg™1)

well-documented for the martian atmosphere. 0.01 5y 107
In order to include the effect of CQOce microphysics on (clear atmosphere)

the formation of wave clouds, two extreme growth rate sce- 0.1 5x 10

narios are defined and tested in our 2D model: a fast growth 1 5x 10°

scenario and a slow growth one. These two scenarios give(dusty atmosphere)
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depths assuming an aerosol size distribution as in Ockert-tion nuclei advected by the mean flow continuously come
Bell et al. (1997). In this aerosol size distribution, most of into.

the aerosol particles are included below 1 pm. The meanra- Once the ice particles have nucleated, they grow more
dius of aerosol particles is about 0.5 um. For a typical dust or less quickly depending on the microphysical assumption.
loading atmospherergs = 0.1), if all the aerosol particles  The nucleated particles are advected by the wind out of the
lead to CQ ice particles and grow to 50 um radius, the co- nucleation front and continue to grow downstream as long
agulation time is around £810° s. As a comparison, the  as they stay in a region whese> seq- The size of the C®
condensation growth time for 50 um @Q@ce particles is ice particles and consequently their sedimentation velocity
around 16-10* s. The coagulation of ice particles is negli- depend on the growth rate: for fast growth, large particles
gible, and the number of ice particles remains constant with are expected, while for slow growth, small ones are ex-

time, once they nucleated. pected.
Once outside the condensation area (seq), the ice par-
3.2. Basis of wave clouds formation ticles start sublimating. On the one hand, if the particles are

sufficiently large, they do not entirely sublimate and can fall

The fact that the formation of the clouds depends on to the ground. The clouds then look like Iong “snow” tgils
both wave patterns and GQce microphysics, is summa- (Colaprete et al., 2002). On the other hand, if the particles

rized in Fig. 4. Airborne nuclei are advected horizontally e small, they weakly precipitate and can totally sublimate

by the background flow and cross the orographic waves, downstream of the condensation area, sinceseq there.
When an air parcel loaded with dust or water ice parti- The clouds then resemble stationary clouds made of hori-

cles passes over a trough, dynamical cooling induced byzontally mqviqg particles: In this circumstance, the.shape- of
orographic wave leads to nucleation if the temperature hasthe clouds is likely to be imposed by the orographic gravity
decayed enough, i.e., if the temperature variation createsVaves.

supersaturation as high as the critical nucleation supersatu-

ration (snuct). As here, the background temperature atlow al- 3.3. Description of the cloud model

titude follows the CQ condensation temperature, the back-
ground saturation equals zero and the super(sub)saturation
is directly related to the temperature disturbance. For a 2 K ticle number per mass unit) remains constant all along the

temperature perturbation which is atyplca}l temperature dis- simulation and in the whole domain, it is fixed at the be-
turbance above the north polar cap (Section 2.4), the super-

o "~ ginning of the simulation. Nevertheless, the amount 0fCO
—. 0,
saturaupn IS near.30 354) belgw 10 k.m’ a value for Wh'Ch ice in each elementary square box (5000 m) varies
nucleation of CQ ice particles is possible. The nucleation

starts in the windward side of the clouds where condensa with time, it depends on the amount of ice advected from
or toward the adjacent boxes and on the growth or subli-

mation rate of the mean ice particle radiugar, in each

box. The initial mean ice particle radius is fixed to 0.5 pm,

\ RN vyhich is the mean value of-the aerosol parti_cle _size (Sec-
tion 3.1). In addition torpar, in each box, C@ice is also

described by the mean mixing ratio of @@e, ¢, which

is the mass ratio between the ice phase and the gaseous

phase.

The number mixing ratio of ice particl@gpar (i.€., par-

Nucleation

3.3.1. Ice particle transport
The advection of; from a box to the next downstream
and below is computed with a Vanleer Scheme (Hourdin

Warming
area and Armengaud, 1999), using the velocity field given by the
dynamical part of the model plus a vertical velocity due to
Cooling area the sedimentation of ice particleBseq In each box,Vseq

is derived from the mean ice particle radits, by using

Fig. 4. Schematic drawing describing the wave cloud formation. Dustorwa- & Stokes law corrected for low pressure by the Cunning-
ter ice particles (dark grey circle) transported by wind cross the stationary ham slip-flow correction (Rossow, 1978). At each time step,
gravity wave fea}turesi When ar(1j aerosol pa}rticle comes intq thﬁ nucledation the distribution of CQ ice mixing ratiOq is recalculated

area § > snuci), it nucleates and grows as long as it stays in the conden- iy this advection scheme, and a new mean ice particle
sation areas(> 0). The more it grows, the more it falls. Once outside . ) . i
the condensation area, the particle starts sublimating. If it sublimates more rad|u5rpan is estimated in each box. After that stage, the

quickly than it falls, it does not precipitate to the ground and completely condensation or sublimation of these ice particles is com-
sublimates in the atmosphere. puted.
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3.3.2. Condensation—sublimation processes 4. Results
In each box, a value of the supersaturatiprs estimated
after each dynamical time step,rat dr, using Eq. (15): 4.1. Simulations with a 2D-isolated trough
s1(t +dt) = P(t +dr)/ Py(t + dr) — 1, (20) In a first set of experiments, we study the formation of

wave clouds over the 2D-isolated gaussian trough used in

where Py(t + df) = Acce Bec/TOFOT/0andn) s the Section 2 and investigate the sensitivity of the results to
equilibrium vapor pressure (see Section 3)s the ambi- (i) the different microphysical assumptions (see Section 3.1)
ent pressure, an@7/d1)qyn is the dynamical tendency of  and (ii) the assumed background flows (see Section 2.2.2).
the temperature deduced from the potential temperature byTo establish if the clouds are optically dense enough to re-
Egs. (5) and (9). flect the MOLA laser beam, we follow Pettengill and Ford

On the one hand, if C@ice is advected in the box from  (2000) and compare the model particle number density to
its adjacent boxes, the further growth of the mean ice parti- the value,
cle radius is allowed, and the growth rate is calculated with

5 10-8.-2( -3
Eq. (16). On the other hand, if no G@e is advected in the Nrefl = 2.0 5(m ™), (22)

box, the conditior; > snuc is required to allow the growth  wherer is the particle radius in um. The first level, start-
of the mean ice particle radiugart. Indeed, if no CQ ice ing from the top, where the ice particle number density

is advected into the box, that means that non-ice particles, 5art= P Npart (o is the air density) is above that threshold,
which are continuously advected by the mean flow, come is considered as the Laser reflecting level.
into. The growth of these non-ice particles is only possible
if the critical nucleation supersaturation,g is reached. In 4.1.1. Baseline case
fact, s1 > snuci should be required only in the windward part Figure 5a shows the temperature and velocity anomalies
of the box, where non-ice particles are concentrated. To ac-field for the background flow profiles (0)J(= Up and
curately describe this phenomenon, a submesh grid wouldT = Teong), in the case of the fast growth scenario with
be necessary. But, by simplicity, this requirement is imposed snuci = 10% andNpart = 10’ kg~*. Like in the simulations
on the whole mesh. with a simple condensation parameterization (Fig. 3), the
The calculation of the amount of condensed or sublimated cloud formation has a strong impact on the wave field. Nev-
CQO; ice leads to a new value of the super(sub)saturation  ertheless, the inclusion of the realistic microphysics make
If the saturation variation is largé — s2| > s1/4 typically, the resulting wave and cloud fields quite different from those
numerical errors on the condensed or sublimated ice quantitypresented in Section 2. The successive condensation and
can become significant. To reduce these errors, a physicasublimation of the ice particles blown by the wind create
time substep g/ N is imposed WithN = |s1 — s2|/(s1/4). a large area where the temperature disturbance is near zero
For each time substeff;(r + d¢/N) is estimated from the  becaus&l’ = Tcong. Both condensation and sublimation an-
dynamical temperature tendency, constant all along the dy-nihilate the gravity waves far above and downstream the
namical time step«d and from the condensation temperature trough.

tendency, which is calculated from the quantity of £ice The four pictures on Fig. 6 present successive phases
condensed (or sublimated) during the previous time substep(t = 50, 100, 150 and 200 min) of the development of
dt/N: the cloud features corresponding to Fig. 5a. In all the fig-
ures, the black crosses represent the altitude of the expected
oT L Néq MOLA echoes, according to Eg. (22). These four succes-
2z -—__7 (21) . . ) .
3 )ong Cp dr sive snapshots show that the wave perturbations increase in

amplitude above the trough in function of time. Neverthe-
In Eqg. (21),L is the latent heat of CPice condensation, |ess, this growth is rapidly limited by the development of the
Cp is the heat capacity of C(as, andq the amountofice  clouds.
mixing ratio condensed in the previous time substep. After + = 50 mn (Fig. 6a), the wave perturbations have
To summarize, the input data of the cloud model are: propagated upward and the supersaturation has reached the
critical nucleation supersaturatiop,c between 1 and 3 km
1. The critical nucleation supersaturatiopuci and the  above the trough. At that time (Fig. 6a), a small cloud has
number mixing ratioNpart of ice particles that are al-  already formed. Where the ice particles start growing, super-
lowed to grow. saturation decreases, except in a narrow band on the wind-
2. The dynamical temperature tenden@i'/dt)dyn, the ward side of the cloud. In this band, supersaturation remains
pressureP, the temperatur@, the vertical and horizon-  quite high and allows the non-ice patrticles to start growing.
tal wind velocities at each time step.d The supersaturation in the cloud rapidly fallstd%. The
ice particles stop to grow, and they are just advected by the
The output data is the temperature after condensation wind and fall down. The ice particles sublimate downstream
the ice particle radiugar, and the ice mixing ratiq. wheres < seq, Which limits the horizontal extension of the
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Table 2
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Characteristics of the cloud obtained above a 2D-isolated trotigh 0.5 km, L = 7 km) after 4 h of integration, assuming the fast growth scenario (see
Section 3.1), with a constant wirldg (5 or 10 m s'1) profile and CQ condensation temperature profilj

Npart (kg~1) 1le5 1le5 le6 1le6 le7 le7 le8
Snucl 10% 35% 10% 35% 10% 35% 10%
MOLA detectability g =5ms™1) - - Vv - J - J
MOLA detectability (/o = 10 ms™1) - - W W W J W
Rmax (MM) Up=5ms™1) 130 - 90 - 62 - 29
Rmax (Mm) Up =10 ms 1) 185 180 112 115 64 62 30
dcloud (Up =5 ms1) - - L — 6° - ~Q°
Scloud (Up=10m 571) - - r 8.5 12 9.5 ~Q°
vegioud (km) (Up =5ms™1) - - 1 - 4 - 7
vegioud (km) (Up =10 ms™) - - 45 45 9 10 11

The ice particle number mixing ratitVpart (kg~1) and the critical nucleation supersaturatigpc are fixed at the beginning of the simulation. The MOLA
detectability of the simulated cloud is indicated by a ti®lax is the maximal value of the mean ice particle radiiggs g is the slope of the cloud echoes,
andvegjgyg is their vertical extension, i.e., the distance between their base and their top. The clouds are detectabl(&/@g{rb@fdﬂ6 kg~L. Forsnyue = 35%
andUg =5 ms1, the supersaturation is not high enough for nucleation to occur.

cloud. Before starting to sublimate, the mean ice particlera- Table 2 presents the general characteristics of the ex-
dius within the cloud reaches about 60 pum. tended cloud (its MOLA detectability, its maximum value
After 100 min (Fig. 6b), a large cloud is formed. Above of the mean ice particle radiuBmay, the slope of its echoes,
this primary cloud, other clouds develop as well. As they are Scioug, @nd the vertical extension of the echoegoug, i.€.,
made of smaller particles than the primary low level cloud the vertical distance between the base and the top of its
and as the number density;,; of particles decreases with  echoes) obtained for different input parameters. The results
altitude, they remain undetectable. Only the main extendedcorresponding to Fig. 6 are presented in column 5. These
cloud near aloft the trough is detectable by MOLA. show that simulations performed with two different values
Thereafter, this primary cloud keeps growing (Fig. 6¢) for the low altitude wind amplitudel{o =5 ms! or Ug =
and, atr = 200 mn (Fig. 6d), a sloping cloud extended from 10 ms!) lead to different echo features. Rdg = 10 ms 1,
the surface to near 7 km above it, is obtained. The slope ofthe cloud echoes are more extended and more sloping than
its echoeSScioug iS Near 8, a value close to the echoes of for Ug=5ms1.
isolated clouds observed by the MOLA experiment (see Ta-  We then made sensitivity tests to different altitudes of the
ble 3 in Pettengill and Ford (2000) for a comparison). It is polar thermal inversion: 12.5, 25 and 50 km, corresponding
noteworthy that the model cloud echoes do not necessarilyto the temperature profileg, T> and Ty, respectively. The
correspond to the top of the cloud but to a region within the maximum altitude of cloud formation is sensitive to the in-
cloud where the ice particles are large and dense enough toversion altitude, but the maximum altitude of cloud echoes
backscatter the Laser pulse at a level detectable by MOLA. does not depend on it: all cloud echoes are obtained below
Nevertheless, the shape of the echo backscatters is directhaltitudes of 15—-20 km above the surface.
related to the cloud shape. Note as well that the cloud and
the echoes are tilted against the wind direction, following 4.1.3. Sensitivity to microphysical parameters
the vertically propagating gravity wave. To examine the robustness of our results, sensitivity tests
to values of the critical nucleation supersaturatigisand
4.1.2. Sensitivity to background conditions of the number mixing ratidVpar Of ice particles, and to the
Figures 5a and 5b show model results for the backgroundgrowth scenario (slow or fast) have been made. In all the
flow profiles (0) and (1), respectively, wittip = 10 ms™1, cases presented in this section, those tests are limited to the
after 4 h of integration. The comparison between these two uniform background profiles (0).
figures shows that the presence of a wind shear at middle al-
titude (wind profile (1)) has no influence on the wave field Critical nucleation supersaturatiomge. Figure 7 presents
pattern. This follows that the waves are strongly damped atthe time evolution of cloud formation corresponding to
low altitude, so they mainly produce an extended detectableFig. 6, i.e., with Npart = 10’ kg™, for the fast grow sce-
cloud above the trough. At altitudes higher than 10 km above nario, but withsnyc = 35%. Comparison with Fig. 6 shows
the surface, the wave pattern and the cloud shape are neathat a higher critical nucleation supersaturation delays the
indistinguishable, only the main cloud at low altitude is de- onset of cloud formation by about 100 min. This delay
tectable, and the echoes are almost the same for the twagermits a larger development of the wave fields (Fig. 7a)
background conditions (not shown in Fig. 5 but they are and consequently modifies slightly the resulting cloud pat-
those presented in Figs. 6d and 7d). tern. Figure 7b show that nucleation starts after about
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Fig. 7. Same as Fig. 6 witlhyc| = 35%.

100 min only, between 1 and 3 km above the trough, like Ice particle number mixing rati?Vpar. It is clear from the

in Fig. 6a. After 150 min (Fig. 7c), a second cloud appears first two columns in Table 2 that one nee¥lg, > 10° kg~*
between 10 and 15 km above the surface. After 200 min to obtain detectable clouds. For the slow growth scenario
(Fig. 7d), an extended cloud is formed above the trough. (Table 3), one need®part > 5 x 10° kg~1. Note as well

It produces echoes from the grounq up to a altitude of {hat for increasing ice particle number mixing rafitar,

6 km. The slope of the echo feature is around 9-1(ke the maximum ice particle radiugmax, and the cloud slope,

in the simulation withsnue = 10% (Fig. 6), the higher s ' qecrease (see the raws 3, 4, 5 and 6 in Tables 2 and 3).
altitude clouds are not detectable by the MOLA instru- | o fast growth case, fo¥par > 10° kg, the cloud fea-

ment.
- . ture corresponds to a haze transported by the wi o~
The general characteristics of the resulting cloud are sum- >SP nsported by Bl

. . . 0°). In this case, no clouds with sloping top form, the nu-
marized in column 5 and 6 of Table 2, for the runs in . ; o 2
Figs. 6 and 7, respectively. For these two cases, the maX_cleated ice particle number mixing ratio is too large, so the
imallvalue of ';he mean ice.particle radiis, the’verti release of latent heat when they nucleate and start growing is

axs - . .

cal extensionveyoud of the echoes and their slopgoud do very strong and the wave perturbation is completely attenu-
not significantly depend omnug. This result is quite sys- ated doyvnstream . In. the slgw growth scenario (Tablle 3), the
tematic (see the other columns in Tables 2 and 3), note Same kind of results is obtained ffpart > 5 x 10° kg™ It
nevertheless that whesue = 35% and forUg =5 ms2, is one of the few circumstances where the modeled clouds do
no clouds are formed (i.e., there are no assigned values to10t have the characteristics of the observed isolated clouds
Rmax Scloud @andvesioud for these input values). This comes (Pettengill and Ford, 2000; lvanov and Muhleman, 2001),
from the fact that supersaturation never exceeds the threshwhile for 16° < Npar < 5 x 107 kg~ with the fast growth
old for particles to start growing, at least after 4 h of integra- scenario, the model cloud echoes are similar to the observed
tion. ones.
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Table 3

Same as Table 2 but assuming the slow growth scenario (see Section 3.1)

Npart (kg™1) 5e6 5e6 5e7 5e7 5e8 5e8 5e9
Snucl 10% 35% 10% 35% 10% 35% 10%
MOLA detectability g =5ms1) - - W - WV - W
MOLA detectability (g =10 ms 1) - - Vv J Vv Vv Vv
Rmax (Um) Up =5ms™1) 28 - 23 - 11 - 6.5
Rmax (MM) Up =10 ms™1) 29 - 22 21 12 11 6
3cloud (Up=5ms1) - - 5 - x - ~Q°
Scioud (Up =10ms1) - - 5 5° ~0° 4° ~Q°
vegloud (km) (Up =5 ms™1) - - 25 - 4 - 6.5
vegioud (km) (Up =10 ms™1) - - 5 6 6 15 20

Growth rate: fast or slow. The comparison between Ta- echoes mainly depend on both the growth rate assumption
ble 2 (fast) and Table 3 (slow) shows that the maximal and on the wind amplitude at low level. In the fast growth
value of the mean ice particle radiugnax, depends strongly  scenario, the cloud echoes are more inclined than in the slow
on the growth limiting factorRmax is quite systematically ~ growth scenario. The wind amplitude at low altitude also in-
larger, for the fast growth scenario (Table 2) than for the creases the slope and the vertical extension of the clouds.
slow growth scenario (Table 3). Accordingly, in the fast The simulated cloud echoes formed above a idealized sin-
growth case (Table 2), less ice particl@g4 > 10° kg™1) gle trough successfully reproduce the echoes of the isolated
are needed for the detection by MOLA than in the slow clouds observed by the MOLA experiment (Pettengill and
growth case (Nart> 5 x 10" kg~1). Note as well that the  Ford, 2000). Finally, these simulations have also allowed us
slope of the cloud echoes is higher for the fast growth sce- to constrain the values of the model parameters, before pro-
nario because the ice particles are larger and consequentlyeeding to simulations with realistic north polar cap topogra-
sedimentate more. Nevertheless, even in this case, there iphies.

only a small amount of ice that falls down to the ground. In

the slow growth scenario, the ice particle transportis mainly 4.2. Simulation with realistic topographies

controlled by horizontal advection, making the slopes rather

small. In this scenario, it is difficult to obtain slopes near In this section, the wave cloud model is used in the pres-
the 15-20° observed by MOLA (lvanov and Muhleman, ence of realistic topographies, and even more quantitative

2001). comparisons with the MOLA observations are made. As the
simulation in Section 4.1 only reveal a weak sensitivity of
4.1.4. Summary of the isolated trough simulations the model response to the background flow structure above

The above simulations have shown that the clouds trig- 12.5 km, simulations with profiles (0) only are presented in
gered by a single trough are near always tilted against thethe next three subsections. Three topography profiles that
wind, atleast the primary cloud belaw= 10 km, i.e., within correspond roughly to the three MOLA observations: Passes
the layer where the wind is constant. This primary cloud 207, 260 (Pettengill and Ford, 2000), and 222 (lvanov, 2000)
is related to vertically propagating gravity waves forced by are considered. Note however that the exact topography that
the trough and extents from the surface up te 3—7 km. triggered the clouds cannot be used since the exact direction
Above this primary cloud near the surface, other clouds at of the wind is not known. Nevertheless, the global direction
higher altitudes are generally found, but they cannot be de-of the wind which corresponds to the three MOLA observa-
tected by MOLA, at least for realistic number mixing ratio tions can be estimated from the shape of the cloud echoes
of ice particles NVpart < 10° kg™1). There is also a lower  (if we assumed that they are tilted against the wind, see Sec-
limit, around 16 kg1, for the ice particle number mixing  tion 4.1.4). On this basis, the wind direction will lead to a
ratio for the detectability of the primary cloud by MOLA. large-scale upslope air ascent for Pass 222 (Fig. 9) and to
The slope of the primary cloud echoes corresponds to thea large-scale downslope air descent for Pass 207 (Fig. 10).
slope of the cloud but does not necessarily correspond toLarge scale cooling and warming will be induced by these
the top of the cloud. These last results are not much sensi-large-scale upslope and downslope air motion, respectively
tive to the background flow profiles above 10 km and to the (Forgetetal., 1998).
critical value of the nucleation supersaturatiggc: what-
ever this value is, the temperature anomalies induced by a4.2.1. Large-scale flat topography
10 ms 1 wind over a 0.5 km depth trough in an atmosphere  Figure 8 compares the MOLA observations (upper panel)
with T ~ Tcong are large enough to create g@e clouds for Pass 260, with the simulated clouds and echoes after 2 h
below 20 km. The vertical extension and the slope of the of integration (lower panel). On this figure and for com-
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Fig. 8. Comparison between MOLA observations (Pass 260, Pettengill and Ford, 2000) (top) and wave cloud simulation (bottom) performed witiea large sc
flat topography for the following background conditioig = 10 ms ™1, T = Tgong (To), and microphysical paramete¥part = 107 kgL, spuci = 10%,

fast growth, after 2 h of integration. Shaded contours represepti€earticle radius (um). The black crosses are the simulated cloud echoes. The wind blows
from the left to the right.

parison with the MOLA data, the altitude is defined as the 4.2.2. Large-scale upslope air motion

altitude above the 6 mbar reference level, contrary to the re-  Figure 9 compares the MOLA observations (upper pan-
sults presented in the previous section, where the altitudeels) for Pass 222, with the simulated clouds and echoes after
was the distance from the surface. Above each trough or4 h of integration (lower panels). The large-scale upslope
ridge, at low altitude, extended sloping clouds are formed, air motion induces a large-scale adiabatic cooling and cre-
they resemble to the clouds in the single trough simulation ates alarge amount of G@e. Nevertheless, this large-scale
(compare for instance the thick clouds near 150 kmand ~ COz cloud is modulated by small-scale cooling and warming
x = 250 km in Fig. 8 to that in Fig. 6d). Nevertheless, as areas due to the smaller scale topographic variations. After

more extended and made of larger particles than in sec-echoes and the observed one is obtained. Like in the flat case,

tion 4.1 (Rmax= 72 um instead of 61 um in Fig. 6d). Above the most extended clouds, which are composed of the largest
these low-level clouds, secondary clouds are also formed ice particles, are located immediately above and downstream
and contrary to the simulation with a single trough, some of the deepest troughs (see for instance at latitu@3” on the

them are now detectable by MOLA. Their detectability once lower right hand picture on Fig. 9).
again comes from the fact that they are made of larger parti-
cles than in the single trough simulations. These clouds also

seem to be directly related to the underlying relief, not to simulated clouds and echoes after 5 h of integration (lower

tra_rl)_;r)]edhre§onan': waves. fth induced cloud q panel). The large-scale adiabatic warming induced by the
e horizontal extension of the wave induced clouds an downslope air motion prevents the formation of ice parti-

the radius of the ice particles depend on the topography am-.as at low altitude. In this case, and for> 100 km, the
plitude variation. For instance, the cloud above the trough ;¢ particles which are formed more than 3 km above the
at x = 150 km is more extended and made of larger par- gyrface sublimate before they reach the ground. Simulated
ticles than the one above= 250 km, because the trough  cjoud echoes also compare very well with the observed ones:
at x = 150 km is larger and deeper thanaat= 250 km.  ng cloud echoes (or just a few echoes) are found between
Furthermore, no large low level clouds are formed between the surface and 3-4 km above; the vertical extension and the
these two points, because the topography variation are notsjope (between T0and 20) of the cloud echoes are rel-
very pronounced. This result plus the fact that there is no atively similar to the observed ones. Note as well that the
preferential horizontal wavelength in Fig. 8, witness again simulated cloud echoes are generally tilted against the wind
that the succession of the clouds results from the succesirection, as in the single trough simulations. Nevertheless,
sion of troughs and ridges rather than from the presence ofin some places, like for instance at= 400 km, one cloud
trapped lee waves. looks tilted in the other direction.

Large-scale downslope air motionFigure 10 compares
the MOLA observations (upper panel) for Pass 207, with the
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Sensitivity to model parametersThe influence of the dif-  trough simulations of Section 4.1. The maximum altitude
ferent background and microphysical parameters on ourof cloud formation depends on the altitude of thermal in-
findings have been systematically tested. In near all the version, but for a realistic ice particle number mixing ra-
cases, the model predicts cloud echoes relatively similartio (Npart < 108 kg1), the maximum altitude of the cloud

to the observed ones. Nevertheless, Mgt < 10° kg™t echoes does not depend on it: it is always near 15 km above
clouds are not detectable, like in the isolated trough casethe surface. For completeness, note as well that for the three
in Section 4.1. Furthermore, we confirm that the occur- passes considered, the best agreement between the simu-
rence of a wind gradient above 10 km and the altitude lated cloud echoes and the observed ones is obtained for
of the thermal inversion have no significant influence on the fast growth scenaridypart >~ 1-5x 107 kg~1, and with

the obtained cloud echo features, again like in the single Ug=10 msL.
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5. Discussion and conclusion when the wind is directed upslope of the polar cap (Pass 222,
Fig. 9), air condenses globally. A large-scale cloud is then
Observations with the Mars Orbiter Laser Altimeter ex- created, but it is modulated by smaller-scale wave motions.
periment have revealed the presence op@® cloudsinthe  |n this case, nevertheless, the large scale cloud makes that
polar night. Most of the observed clouds show characteris- 5 large amount of ice particles precipitates to the ground.
tics suggesting that they are triggered by vertically propagat- on the other hand, when the wind blows downslope, air is
ing gravity waves. The apparent horizontal periodicity of the g|opally warmed. Small-scale topography variations gener-
cloud echoes even suggests that trapped lee waves structurgie small cooling areas, and the nucleation 0b@® parti-
them. To address these issues, we have developed a mounyjes occurs at altitudes higher than 35 km above the surface.
tain wave CQ-ice cloud coupled model in order to simulate |, s case, the large-scale downslope warming sublimate
wave cloud formation in the martian polar night. most of the ice particles before they reach the ground, and
The 5|mula_t|ons show that Glce particles can n_ucle- the sloping clouds are found between 5 and 10 km above the
ate at any gltltudes, from the _surface up to the altitude qf surface.
the polar night thermal inversion, when the atmosphere is Whatever topography profiles and passes are considered,

close to the frost point. Nucleation indeed requires nega- .. ; . ; . .

: . . optically thick CQ ice clouds with large vertical extension

tive temperature perturbations, that are always induced by . . . :
are obtained in our model. They are generally tilted against

the topographic troughs and winds at the ground, charac- : o .
pograp g g the background wind direction. Their slope corresponds al-

teristics of the martian northern polar cap. For a 10ts ) . :
surface wind (which is a typical value according to the LMD MOSt to that induced by upward freely propagating gravity

GCM data), ice particles can nucleate below 10 km for crit- Waves. Gravity waves induced by a topography variation
ical nucleation supersaturatiop,ci = 10% or 35%, and for  (trough or ridge) firstly propagate upward and make cool-
any characteristic polar cap topographic profile. In this con- ing and warming areas tilted against the wind direction. As
dition, a main extended cloud is formed between the surfacethe CQ condensation and sublimation strongly damp the
up to altitudes as high as 8-10 km above any trough, charac-wave disturbance, a single topography variation mainly acts
teristic of the polar cap orography. in producing few condensation areas between the surface
In our model, the apparently periodic cloud features are and the altitude of the polar thermal inversion. As in the
not the consequence of an unique atmospheric resonant gravease with a single trough, resonant trapped lee waves do
ity wave, but of successive gravity waves, each generatednot seem to play an important role. The location and the
by successive individual troughs. First, and although reso- size of the clouds are mainly dependent on topography pro-
nance can take place in the absence of €andensationin  files. On the other hand, the slope of cloud echoes mainly
the case of a wind profile with high altitude gradieth], depends on the microphysical parameters and the low alti-
the resonance that can occur in that case takes a long timaude wind amplitude. The comparison between the simulated
to take place and is not really efficient. Second, the super-cloud echo features and the MOLA echo features (Passes
saturation reaches the critical value for the nucleation quite 207, 260 and 222) gives best agreements for the fast growth
rapidly above the first trough. Once nucleation occurs, the scenarioNpan~ 1-5x 107 kg2, andU/(0) = 10 ms L.
release of C@condensation latent heat attenuates the buoy- According to our model, we conclude that the observed

ancy force and damps the wave perturbations. This secontyioyds are quasi-stationary clouds made of moving ice par-
effect strongly inhibits the emergence of resonant trapped ;- |og (Rmax = 50—-100 pm) that grow and sublimate succes-

modes. . - - . -
. ! sively by crossing cooling and warming area induced by the
The choice of the temperature profllﬁo( I or Tz? has succession of polar cap troughs. The nucleation of ice par-
no consequence on the wave dynamics at low altitude (be-_. : .
o . . ticles occurs in the upstream side of the clouds, and only a
low 15 km). However, it is essential for cloud formation at : : ; -
portion of the ice particles precipitates to the ground. The re-

higher altitudes. The maximum cloud formation altitude in- lease and absorotion of latent heat damp the waves perturba
deed corresponds to the thermal inversion altitude, but above Pt p the waves perl

15 km, the clouds remain undetectable by the MOLA ex- t'(;n and prevent r-esdqn-ant ]Erc’;l]ppetc)i wave dmlodedtq talllkelz(p(ljace.
periment. This follows the assumption that the ice particle '€ @Pparent periodicity of the observed clouds is linked to
number density decreases with altitude, as the air densitythe Periodicity of the north polar cap troughs. The particu-

decreases. Depending on the assumed particle growth ratdr structure of polar night atmosphere is responsible of the
(fast or growth), it also exists a lower limit for the detection cloud slope and their high vertical extension. The slope of

of low level clouds. FoWVpart < 10P-107 kg~2, which corre- the cloud echoes is largely independent of the topography
spond to number densitiég;,= 2.5 x 104-25x%x 10°m=3 but does depend significantly on the microphysical processes
near the surface, even low level extended clouds cannot beand parameters. The slope of echoes is related to the slope of
detected by MOLA. the clouds, but does not correspond necessarily with the top

Simulations with realistic topography profiles show that of the clouds. The cloud shape is linked to the wave pattern,
the polar cap orography induces both small-scale and large-so that the clouds are generally tilted against the background
scale dynamical cooling and warming. On the one hand, wind direction.
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