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What determines altocumulus dissipation time?
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[1] This paper asks what factors influence the dissipation time of altocumulus clouds. The
question is addressed using three-dimensional, large-eddy simulations of a thin, midlevel
cloud that was observed by aircraft. The cloud might be aptly described as
“altostratocumulus” because it was overcast and contained radiatively driven turbulence.
The simulations are used to construct a budget equation of cloud water. This equation
allows one to directly compare the four processes that diminish liquid: diffusional growth
of ice crystals, large-scale subsidence, radiative heating, and turbulent mixing of dry

air into the cloud. Various sensitivity studies are used to find the “equivalent sensitivity”
of cloud decay time to changes in various parameters. A change from no sunlight to direct
overhead sunlight decreases the lifetime of our simulated cloud as much as increasing
subsidence by 1.2 cm s~ !, increasing ice number concentration by 780 m >, or decreasing
above-cloud total water mixing ratio by 0.60 g kg™ '. Finally, interactions among the
terms in the cloud water budget are summarized in a “budget term feedback matrix.” It is
able to diagnose, for instance, that in our particular simulations, the diffusional growth of

ice is a negative feedback.
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1. Introduction

[2] Altocumulus clouds are thin, turbulent cloud layers
that occur at the midlevels of the troposphere [Gedzelman,
1988]. Study of these clouds is motivated by both practical
and theoretical concerns. A practical motivation is that
altocumuli often contain supercooled water, posing an icing
hazard for small aircraft and unmanned aerial vehicles. A
theoretical motivation is that altocumuli provide a simple
laboratory with which to study the interaction of latent
heating, microphysics, radiation, and turbulence.

[3] However, thin midlevel clouds are poorly predicted
by current general circulation models (GCMs). Zhang et al.
[2005] found that all GCMs in their intercomparison grossly
underpredicted thin midlevel clouds, such as altocumuli,
and overpredicted thick midlevel clouds, such as nimbo-
stratus clouds. In related work, several authors have shown
that large-scale models misrepresent thicker (frontal) mid-
level clouds in various ways [e.g., Katzfey and Ryan, 2000;
Ryan et al., 2000; Weaver et al., 2005; Xu et al., 2005].

[4] Despite the desirability of greater understanding of
altocumuli, they are less studied than other cloud types. For
instance, a search on Science Citation Index yields over
1000 abstracts or titles containing the keyword “cirrus™,
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roughly 1000 containing “‘stratocumulus”, but less than 100
for “altocumulus” or ““altostratus” or “frontal cloud”. One
could aptly call thin midlevel clouds the “forgotten clouds”
[Vonder Haar et al., 1997; Fleishauer et al., 2002].

[5] In this article, we will investigate the time required by
altocumuli to decay or dissipate. This depends on four main
factors: precipitation, large-scale subsidence, radiative heat-
ing or cooling, and turbulent mixing with air outside the
cloud. To investigate these factors, we will perform large-
eddy simulations (LES) of an observed case. The case was
an overcast cloud layer that decayed as it was observed by
aircraft [Larson et al., 2001].

[6] To analyze the causes of the decay in the simulations,
we use several diagnostics that have received little or no
application to altocumuli. First, we construct a horizontally
averaged cloud water budget. This enables us to determine
which of the four main processes listed above contribute
most to depletion of liquid water. Second, we perform
sensitivity studies, varying subsidence velocity, ice number
concentration, solar zenith angle, and above-cloud moisture.
The relative effectiveness of perturbations in these processes
in changing cloud lifetime is encapsulated in “equivalent
sensitivities.” Third, we examine how terms in the cloud
water budget interact with one another. These feedbacks are
summarized in a matrix that provides a convenient overview
of how the four processes interact.

2. Case Background: 11 November Cloud

[7] The cloud we simulate was observed on 11 November
1999 during the fifth of the Complex Layered-Cloud
Experiments (CLEX-5) [Fleishauer et al., 2002]. It was a
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thin, mixed-phase layer cloud that was located between
5200 m and 5700 m MSL. The cloud top surface was fairly
flat but had mounded elements created by radiatively driven
turbulence. In the standard classification, a cloud with these
properties would be categorized as altocumulus (see Glos-
sary of Meteorology, http://amsglossary.allenpress.com),
although the cloud was perhaps a bit thicker (500 m) than
a typical altocumulus.

[8] However, we feel that the standard nomenclature is
misleading for this cloud because it was overcast (i.e., had
100% cloud fraction). In common usage, when referring to
the boundary layer, stratocumulus cloud layers denote
nearly or entirely overcast layers, whereas cumulus cloud
layers denote partly cloudy layers. By analogy, it would be
more straightforward to denote overcast altocumulus layers
“altostratocumulus”™ (which we abbreviate as ASc) and
reserve the term ““altocumulus™ for partly cloudy altocu-
mulus layers. Kogan et al. [2001] have used the term
“altostratocumulus™ previously, but the cloud so denoted
was 5.5 km thick and had significant radar reflectivity at
cloud base. For these reasons, we think their cloud would be
better classified as “altostratus” or “nimbostratus.”

3. Aircraft Data

[v] The observations we use were obtained by aircraft-
borne instruments that are described by Fleishauer et al.
[2002] and Poellot et al. [1999]. To analyze liquid water, we
use King Probe data, suitably corrected for offset errors. To
measure ice concentration and mixing ratio, we use a 2D-C
probe, which measures particles from 33 to 1056 microns in
diameter [Fleishauer et al., 2002]. One shortcoming of the
experiment was that it lacked a 2D-P probe to measure
larger ice crystals. A Cloud Particle Imager (CPI) was used
to obtain detailed pictures of individual ice crystals, but the
data were not suitable for obtaining accurate number con-
centrations. However, the CPI did photograph some ice
crystals larger than 1000 microns.

4. Numerical Model

[10] The numerical model we use is the Coupled Ocean/
Atmosphere Mesoscale Prediction System (COAMPS")
Large-Eddy Simulation (COAMPS-LES) model [Golaz et
al., 2005]. COAMPS-LES model output has compared well
with results from several intercomparisons of boundary
layer cumulus and stratocumulus layers organized by Glob-
al Energy and Water Experiment (GEWEX) Cloud System
Study (GCSS) [e.g., Brown et al., 2002; Stevens et al., 2001,
2005; Golaz et al., 2005].

[11] Our simulations are 3D, high-resolution LES. We are
not aware of previous altostratocumulus simulations of this
type. However, several 2D LES of ASc have been per-
formed [Starr and Cox, 1985; Liu, 1998; Liu and Krueger,
1998; Clark et al., 2005] and several coarser-resolution 3D
cloud resolving simulations of frontal clouds have been
performed [Ryan et al., 2000; Katzfey and Ryan, 2000; Xu et
al., 2005; Weaver et al., 2005].

[12] In COAMPS-LES, the prognostic variables are the
Cartesian wind components, dry potential temperature (),
and water vapor (r,) and cloud water (r.) mixing ratios. The
perturbation pressure is computed using a recently intro-
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duced anelastic option. The momentum variables are
advected by a second-order advection scheme, and the
scalars are advected by a positive definite advection scheme
with second-order polynomial interpolation [Botf, 1989].
We use a TKE subgrid scale option [Deardorff, 1980].

[13] The simulations we present were run with a grid
spacing of 50 m x 50 m in the horizontal and 15 m in the
vertical. To save computational expense, the bottom of the
domain was placed in the midtroposphere, with zero mo-
mentum and thermodynamic fluxes applied at the lower
boundary. The domain size was chosen to be 2400 m in the
vertical and 4050 m x 4050 m in the horizontal. The time
step was set to 1 s. We performed a simulation in which the
grid spacing was halved in all directions, but the results
were nearly the same, with an increase in cloud lifetime of
only 12 min.

[14] The 11 November case had little vertical wind shear.
We chose the initial horizontal wind profile to be zero, and
in doing so lost no generality, because the cloud system was
Galilean invariant. Furthermore, the flight pattern was
Lagrangian; that is, the aircraft remained within the same
column of air as the column drifted horizontally with the
wind [Fleishauer et al., 2002]. Therefore we need not
impose a forcing due to horizontal advection of thermody-
namic scalars and momentum. Also, the Coriolis parameter
was set to zero because the simulations are brief. We
imposed large-scale subsidence by choosing a constant
subsidence velocity and using it to vertically advect the
prognostic scalars (liquid, vapor, and potential temperature)
and the horizontal components of wind.

4.1. Radiative Transfer Scheme

[15] Turbulence in layer clouds is driven partly by
radiative cooling near cloud top and radiative heating near
cloud base. Direct numerical radiative computations are
expensive, particularly for midlevel clouds, which exchange
radiation with the ground, which is far below cloud base.
Instead we use idealized approximations. Our radiative
transfer calculations include the effects of liquid but not
ice, because the observed mixing ratio of ice is much
smaller than that of liquid [Fleishauer et al., 2002]. We
assume a droplet effective radius of 10 microns. On the
basis of observations, we use a ground surface temperature
and albedo of 287 K and 0.1 respectively. We compute
shortwave radiation using the two-stream, single-band
model of Shettle and Weinman [1970] (see also Duynkerke
et al. [2004]). We approximate the net vertical longwave
radiative flux at altitude z, F(z), following Stevens et al.
[2005]

F(z) = Fyexp[—kLWP(z)] + F exp{—k[LWP(0) — LWP(z)]},
(1)

where the liquid water path, LWP(z), from the top of the
atmosphere to the altitude z is given by

LWP(z) = /Oc predz. (2)

Here p is air density and 7, is cloud water mixing ratio. We
choose Fo=104Wm % F;=62Wm % and k=942m?kg '
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