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[1] A microphysical model for Mars dust and ice clouds
has been applied in combination with a model of the
planetary boundary layer (PBL) for the interpretation of
measurements by the LIDAR instrument on the Phoenix
Mars mission. The model simulates nighttime clouds and
fall streaks within the PBL that are similar in structure to the
LIDAR observations. The observed regular daily pattern of
water ice cloud formation and precipitation at the top of the
PBL is interpreted as a diurnal process in the local water
cycle in which precipitation of large ice crystals (30–50 mm
effective radius) results in downward transport of water
vapor within the PBL. This is followed by strong vertical
mixing during daytime, and this cycle is repeated every sol to
confine water vapor within the PBL. Citation: Daerden, F.,

J. A. Whiteway, R. Davy, C. Verhoeven, L. Komguem, C. Dickinson,

P. A. Taylor, and N. Larsen (2010), Simulating observed boundary

layer clouds on Mars, Geophys. Res. Lett., 37, L04203,

doi:10.1029/2009GL041523.

1. Introduction

[2] The LIDAR instrument on the Phoenix mission has
provided observations of water ice clouds that form and
precipitate within the nighttime residual Planetary Boundary
Layer (PBL) on Mars [Whiteway et al., 2008, 2009]. It was
found that there is a regular diurnal pattern in which water
vapor is mixed throughout the PBL by turbulence and
convection during daytime and then at night water ice
crystals precipitate toward the ground. This process acts
to confine water within the PBL and it will enhance the
contribution of the local exchange of water between the
ground and atmosphere in the hydrological cycle. Such a
component of the Mars water cycle was originally antici-
pated at higher altitudes after the Viking missions [Kahn,
1990] but there has been no reported observational evidence
prior to the Phoenix Mars mission.
[3] The Phoenix LIDAR was unique in its ability to

resolve internal cloud structure and precipitation fall streaks
(Figure 1). The length of the fall streaks indicated that the
ice crystals had fall speeds that are consistent with prolate
ellipsoids with volume-equivalent radii of 35 mm [Whiteway
et al., 2009]. The crystals would then be similar to what is
found in cirrus clouds on Earth in the same temperature
range, for example hexagonal columns of length 150microns

and width 50 microns [Whiteway et al., 2004; Gallagher et
al., 2005].
[4] Several studies have carried out detailed micro-

physical modeling of water ice cloud formation in the
atmosphere of Mars in 1D models [e.g., Michelangeli et
al., 1993; Colaprete et al., 1999; Montmessin et al., 2002;
Pathak et al., 2008]. More simplified cloud schemes have
been integrated into Mars GCMs [e.g., Richardson et al.,
2002; Montmessin et al., 2004]. The formation of clouds at
the top of the PBL as observed by the Phoenix LIDAR has
not been reported in previous modeling studies. One reason
is that the previous models did not have a sufficiently high
vertical resolution within the PBL for an accurate represen-
tation of turbulent mixing and radiative transfer. Another
problem is the lack of observations to provide a constraint
on the vertical profile of humidity.
[5] These challenges have been addressed in this study

by applying a PBL model with high vertical resolution to
provide temperature profiles [Davy et al., 2009], and making
use of the Phoenix LIDAR and Thermal and Electrical
Conductivity Probe (TECP) [Zent et al., 2010] measurements
to estimate the profile of humidity [Whiteway et al., 2009].
With this input the detailed microphysical ice cloud model
produced a simulation of clouds and precipitation in the PBL
that is in agreement with the observations.

2. Model Setup

[6] A validated microphysical model for polar strato-
spheric and cirrus clouds on Earth [Larsen, 2000; Larsen
et al., 2002, 2004; Daerden et al., 2007] has been modified
to Martian conditions. The computational core of the model
is kept, while the relevant atmospheric parameters have
been replaced by their values for Mars. The model describes
nucleation of water ice on dust particles, condensation and
evaporation of water vapor onto and from ice particles,
sedimentation and eddy diffusion. Solid dust and water ice
particles are described by size-binned distributions of their
number densities and ice water content. In the present study
100 size bins are used, geometrically increasing from 10 nm
to 1 mm. The dust particles are assumed spherical and have a
homogeneous mass density of 2.5�103 kg/m3 [Murphy et al.,
1990]. The ice particles have an aspect ratio of 3, comparable
to the columnar shapes found in terrestrial cirrus clouds
[Whiteway et al., 2004; Gallagher et al., 2005]. In the case
of low Reynolds numbers, ice particles are assumed to be
prolate ellipsoids, for which the terminal fall velocity can be
calculated exactly [Fuchs, 1964]. In conditions where the
Reynolds number exceeds the threshold of 10�2, the empir-
ical expression of Beard [1976] is applied for the terminal
fall velocity. The size variable is the ‘‘volume-equivalent
radius’’, i.e. the radius of a sphere with the same volume as
the actual particle.
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[7] The microphysical model is driven by the temper-
atures and vertical eddy diffusion coefficients calculated
independently by the coupled PBL-Aeolian dust model of
Davy et al. [2009] for //the Phoenix lander site (lat = 68.2�,
lon = 234.2�) at solar longitude// Ls = 122� (Phoenix
mission sol 99), see Figure 2a. For the simulations used
here the PBL model was constrained to match the Phoenix
air temperature measurements at a height of 2 meters above
the surface [Davy et al., 2010], and the upper level wind
was prescribed as 5 m/s. The model predicts a PBL depth of
4 km, which is consistent with the LIDAR daytime dust
observations. The microphysical model is run on the same
grid and domain as the PBL model, 241 levels over 30 km
with a log-linear grid for good near-surface resolution (41 levels
from surface to PBL top). The temperatures are provided to
the microphysical simulations at an hourly resolution and are
interpolated by a cubic spline to the external time step of the
microphysical model, which is 1Mars-minute. After the PBL
model has been running for 15 sols the microphysical model
starts at 4 p.m. Mars local solar time. The initial size
distribution of dust in the microphysical model is a gamma
distribution with reff = 1.6 mm and neff = 0.2 [Tomasko et al.,
1999] as in the PBL model. The dust is distributed evenly
within the PBL as indicated by the LIDAR observations. The
total dust number density is set to approximately 3 particles/
cm3, which corresponds to a backscatter coefficient of�1.3�
10�6 m�1sr�1, consistent with the LIDAR measurements.
[8] Whiteway et al. [2009] estimated the volume mixing

ratio of water vapor throughout the residual boundary layer
prior to cloud formation at a value of 0.0014 uniformly
distributed with height. A value of 0.0013 was used in these
simulations. Near the surface the TECP instrument on
Phoenix measured a diurnal cycle in water vapor ranging
from 2 Pa during the day to less than 0.1 Pa in the early
morning, or 0.0027 to 0.00013 in volume mixing ratio
[Zent et al., 2010]. Prior to cloud formation, a transition
zone of depth 1 km above the surface was assumed in which
the water vapor volume mixing ratio decreases linearly with
altitude from 0.0027 to the uniformly mixed part of the PBL
(see Figure 4d). The resulting water column amount in the
PBL is 38 pr-mm.

[9] Ice crystals are formed by nucleation and subsequent
vapor deposition onto the dust particle cores. Only hetero-
geneous nucleation by surface diffusion is considered
[Määttänen et al., 2005; Vehkamäki et al., 2007]. Simula-
tions with a contact parameter of m=0.98 resulted in the best
agreement with the LIDAR observations. The critical su-
persaturation ratio for nucleation to start off in the model
was a posteriori found to be 10% for results that best match
the LIDARmeasurements. The fraction of nucleated particles
is typically a few percent. After nucleation, ice particles grow
and shrink through deposition and sublimation following
the basic vapor diffusion equation [Pruppacher and Klett,
1997], applying a full kinetic approach [Toon et al., 1989]
and taking into account the Kelvin effect, exchange of latent
heat, ventilation effects for diffusion and heat transfer, and
effects from the nonsphericity of the particles. There is no
radiative feedback from the microphysics to the PBL model.
[10] For direct comparison with the LIDAR measure-

ments the optical properties of the modeled dust and ice are
calculated in themodel at 532 nm. The backscatter coefficient
and optical extinction are calculated using the extended-
precision T-matrix method for randomly oriented non-
spherical particles [Mishchenko and Travis, 1998]. The
refractive index for dust is 1.518 + 0.0068 i [Ockert-Bell
et al., 1997] and for ice 1.31 + 10�8 i. The T-matrix
calculations did not converge well for larger particles
(�10 mm), which is a reported problem for particles of
large aspect ratios [Mishchenko and Travis 1998]. At
present a maximal aspect ratio of 2 is applied in the optical
calculations for ice, and for particles larger than the con-
vergence radius a simple extrapolation is applied based on
the empirical finding that the scattering efficiency is nearly
constant for large particles.

3. Cloud Simulations

[11] The model simulation produced a cloud layer near
the surface and a cloud near the PBL top (Figure 2b). The
surface cloud formed at 10 p.m. and lasted until 6 a.m. At
5 a.m. it reached a maximal height of 900 m, consistent with
the LIDAR observations (Figure 1). The PBL top cloud
formed at 1 a.m., lasted through the early morning, and

Figure 1. Contour plot of backscatter coefficient derived from the LIDAR backscatter signal at wavelength 532 nm on
Phoenix sol 99 (Ls = 122�).
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dissipated before local noon. The bulk of the cloud was
located between 3.5 and 4 km, also consistent with the
LIDAR observations. From the top cloud a layer of enhanced
number density and backscatter coefficient is descending,
which we can characterize as a fall streak. This fall streak
formed at 1 a.m. and reached down to height 2.5 km at 5 a.m.
which is similar to the observed fall streaks.
[12] Correspondence with the LIDAR measurements on

sol 99 was improved by introducing a small and short tem-
perature fluctuation (amplitude < 0.5 K) at the PBL top at

the cloud formation time. This increased the instantaneous
cooling rate which affects the ice crystal size and the amount
of precipitation. In this case, the small fluctuation led to the
formation of more smaller ice particles, strengthening the
bulk of the cloud at the PBL top. The fluctuation is not
needed to produce a cloud but without it the fall streak
would be more pronounced. We expect that there would be
similar temperature fluctuations due to gravity waves, shear
instability (Kelvin-Helmholtz waves), and overshooting
convection.
[13] Figures 2c, 2d and 2e respectively show the modeled

ice particle number density, ice particle effective radius, and
the ice water content (IWC). Figure 3 gives a more detailed
view of the modeled ice particle size distribution at 5 a.m.,
the time of the LIDAR measurement. Effective radii in the
PBL top cloud range from 10 to 20 mm, corresponding to
ellipsoids of lengths of 40 to 80 mm. Ice crystals in the fall
streak have sizes of 35 ± 5 mm in effective radius and
�150 mm in length, consistent with the estimate ofWhiteway
et al. [2009]. Such ice crystal sizes had not previously been
observed or predicted on Mars, but are typical for ice crystals
sampled in cirrus clouds in the upper troposphere on Earth,
where the temperatures and humidity are similar to the
conditions in the PBL of Mars [Whiteway et al., 2004;
Gallagher et al., 2005]. Number densities in the precipitation
are �0.01 particles per cubic centimeter (Figure 2c). The
cloud IWC was calculated by integrating the ice particle size
spectrum (Figure 2e). Ice number densities, particle sizes and
IWC in the surface layer cloud are typically larger than in the
PBL top cloud. The maximal amount of condensed water
above 200 m is 2 pr-mm, this corresponds to the estimate of
Whiteway et al. [2009]. The microphysical model predicts an
additional 4 pr-mm of water ice below 200 m of which the
largest part is deposited as frost on the surface.
[14] Figure 4a shows the average height profile of the

backscatter coefficient at 5 a.m. as derived from the LIDAR
measurements, and the comparison with the average model
backscatter coefficient. The vertical distribution of the
surface and PBL top clouds are in agreement with the
observations. Figure 4b shows the derived average optical
extinction [Whiteway et al., 2009] and the corresponding
model extinction. The optical thickness of both the PBL
top cloud and the surface cloud is about 0.1 each.
[15] Whiteway et al. [2009] applied two different formulas

to derive the cloud IWC from the optical extinction derived
Figure 2. (a) Temperatures interpolated from hourly PBL
model output. Contour lines indicate elevation above frost
point temperature. Model calculations: (b) backscatter
coefficient at 532 nm; (c) ice particle number density;
(d) ice particle effective volume-equivalent radius, the length
of an ice ellipsoid is �4.16 � this value; and (e) cloud ice
water content.

Figure 3. Ice particle size distribution as function of alti-
tude at 5 a.m. The dashed line marks the effective radius.
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from the LIDAR signal. (1) The geometrical formula where
IWC = 4 s Reff rice / 3 Q with s the extinction coefficient,
Reff the effective radius, rice the water ice density, and Q
the scattering efficiency which is assumed 2; and (2) the
empirical relationship IWC = 0.119 � s1.22 from cirrus
cloud measurements [Heymsfield et al., 2005]. Figure 4c
shows that the modeled IWC is in reasonable agreement
with both estimates.
[16] The IWC in the modeled fall streak is quite large

with 0.5–0.7 mg/m3. As a result, the precipitation has a
considerable impact on the vertical redistribution of water
vapor. Figure 4d shows the water vapor profiles at selected
times: initial (4 p.m.), at the time of the LIDAR observation
(5 a.m.), just after cloud dissipation (10 a.m.), and again at
4 p.m. At the PBL top the water volume mixing ratio
decreased by more than 30% to 0.0009, and at the height
of 2 km (end of the fall streak) it increased by 15% to
0.0015. Above 3 km there is a net removal of water vapor
and below this altitude there is a net increase. In the surface
layer cloud the impact on the water vapor is much higher.
Close to the surface the water vapor in the model remains
saturated over ice throughout the night and reaches a
minimum value of �0.05 Pa between 1 and 4 am. This is
in agreement with the measurements by TECP on Phoenix
[Zent et al., 2010]. As the sun rises, the surface and atmo-
sphere warm, the ice crystals sublimate, the profile of
humidity is mixed again over the PBL during the daytime
by turbulence and convection, and the water vapor profile
returns to its original shape.

4. Conclusion

[17] It has been demonstrated that the observations by the
LIDAR on Phoenix of water ice clouds and precipitation
within the PBL on Mars can be reproduced by a numerical
simulation that combines models of ice microphysics,
boundary layer mixing, and radiative transfer. The main
departure of this work from previous modeling studies is
that the cloud ice crystals are large enough (30–50 mm

effective radius) that precipitation toward the surface is
significant.
[18] In this study the observed clouds at the PBL top are

interpreted as indicative of the following diurnal water cycle
in the PBL: (1) daytime mixing by convection and turbu-
lence distributes water vapor throughout the PBL; (2) the
diurnal temperature variation causes clouds to form at night;
(3) large ice crystals fall to lower altitudes within hours;
(4) the cloud ice crystals sublimate as the atmosphere
warms in the late morning, resulting in a net downward
transport of water. The cycle then repeats and water vapor is
confined within the PBL.
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